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Su mm a ry
Studie sof w e arable co mputer shave attractedpublic atte ntio nin
thes edays. One ofthe a reas of interestis the co m m u nic ation
syste m adopted in 比 os e Ⅵre a r able co mpute rs. As a n exa m ple,
w earable devic es which u se the hu ma nbody as a tr a n s mission
chann el, ha v ebeen de veloped. W he n the us er wea T l ng the
tr an smit七e r 七o uche s the r e c eiv i ng electr ode of the r e ceive r,
tr ans mis sion cha n nel is for m ed by u si ng the hu man body. T his
●
c o mm u nic ation syste m u s es ne a r field regi on Of the
●
ele ctrom agn etic w a v ege n e r ated bythede vice which is e ve nttlally
c o upledto the hu m a nbodyby ele ctrode s. Hen ce, the structu r eof
ele ctrodesis o n e ofthe key l S畠u e sforthetra ns mission usingthe
● ●
hu m anbody.
Electro - m agn etic co m m u nicatio n七rials us l ng hu m an body
a s tr a n smis sion m edia hav e m o r eth an a de cade-s histo ry.
Ho w e v er, m ost of the r ese a rches ha ve been c ondu cted by
r e s ear che r swhojust w an七七o utilize the fa ct and pr actic ally no
physic al m e cha nism sha v ebee n r e sea r ched untilre c ently. Hen c e,
▲
in this dis s ertatio n,the a utho rpr opos edso m e calc ulatio n m odels
ofthe wea r able trans mitte r and the r e c eiv er atta ched to the
hu m anbodyby usingthe Finite Diffe r en ce Tim eDo m ain(F DT D)
m ethodtoin v estigatethe tr an s missio n m e cha nis m.
111
At fir st, the a utho r m ade a c alc ulatio n m odel of the
tr a n s mitte rby usingthe F D T Dm ethod. To sho w the v alidity of
this m odel, the calc ulated ele ctric 艮elddistributio n sar o u ndthe
m odel w a s c o mpa r edto the meas u r ed o n e sby using an electTic
fieldse n s o r. T he n,the autho r made the calculatio n m odels ofthe
hu ma n body w ea r i ng the tr a n s mitte r, a nd the ele ctric field
distributions in side and outside the hu m a nbody w e r esho w n
u nder v ario u s c o nditio ns. Fr o mthis r es ult
,
the equiv ale nt cir cuit
m odels of the a r m W e a r l ng the trans mitte r w e re pr opo s ed, and
■
the diffe r e n ce sof the distributio n s ofthe electricfild in side a nd
o utside the hu man body werein v e stigated from the vie wpoint of
theimpeda n c e m atching.
Ne xt, the autho rpr opo s ed s o m e calc ulatio n m odels of the
ar m Pr o vided withthetra ns mitte r andthe re c eiv e rtoin vestigate
the r e c eived sign al le v el. Mo r e ove r,in o rde rto ve rify the v alidity
ofthese c alc ulatio n m odels, the a uthor c o mpa r edthe calc ulated
r e ceiv ed signal le vels to the m easu r ed on e sby usi ng a biologi c al
● ●
●
tis su e- equ i v ale nt ph antom which has sa m e el ctric alpa r am ete r
ofthe hu m an body. T he re sult sho wed a good agre em e nt ofthe
c alc ulatedand m ea sur edr ec eivedsign alle v els.
As the third step for a nalysi s, the a uthor Eo c us ed his
atte ntio n on m e a s uring the e a ch compo nent ofthe pr opagated
s lgnal by using a Shielded loop a nte n rl a. Fr o m these r e s ults, the
●
1V
optim al dire ctio n ofele ctrodes ofthe七ran smi七teT W asPr opos ed fo r
●
u si ngthehu m an body a s atr ansmission cha n n eleffe ctively. As a
r e s ult,it w as cla rifiedthatlongi七udinal directio nis effe ctiv efor
s ending the sign alto the r ec eiv er, c o mpared to the もran s v e T S al
●
directio n.
Asthefo urth step,the a uthor sinv e stigatedthe do min ant
slgnaltr an s mis sio n chan n el, be c a usethe question ofwhetherthe
●
do min ant sign altra ns mis sion chan n el is inside o T O utside the
●
hu m a nbody had r e main ed u ns ettled. To clear this qu estio n, the
author Propo s ed a c alculatio n m odel ofthe a r m w ea r l ng the
■
tr an s mitte r a nd the receiv e rpla c ed into a hole of a condu cto r
plate. T he ele ctric field distributio n a nd r eceived sign al v oltage
w a sin v e stigated a s afunctio nofthe gapbetw ee nthe hole of the
c ondu ctor plate a ndthe surfa c eofthe a r m. T he r esultindic ated
that the domin antsign altr an s mis sio n cha nn el is n otin side but
the surfa c e ofthe ar m be c au se s ign alse em s七obe distri butedas a
●
s u rfa ce w ave.
Fin ally,the a uthor intendedto u s ehighe rc ar rie r鉦equ e n cy
be ca u s e七he electr ode str u ctu re to c o m m u nic ate betw e en the
we arable devic es m ustbe s m al a nd eligible to utiliz ehigher bit
r ate fo r practical use. T he refore, the a utho rinv e stigated the
frequen cy cha r a cteristic s(fr o m10 M Hz to 10GHzin cludingthe
U W B 色･equen cyba nds)ofthehu m a nbodyby u sing s o m e a nte n na
pa r a mete r s whe nitis u s edas a s ignaltra ns mis sio n chan n el. T he
●
result show edthat signalis n ot pr opagated alongthe s urfa c e of
the hu m a nbodybut r adiated into the air o ver 1 G Hz. T he r efo r e,
w e can use the hu m a nbody a s atr ans mis sio nchan neleffe ctively
belo wthe 1 G Hzin the str u ctu r e of七he autho r'str a n smitter.
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C hap七ei1lnもT Odu cもio n
Section 1.1 Ba ckgr o und
As c ellula r pho nes, pe rso n al digtal a s sista nts (P D As), digital
video ca m e r as, po cket vide o ga m e s, and other info r m ation a nd
co m m u nic atio ndevic es be c o m e s m alle r a nd m o re wide spr ead, w e
ha v ebegu n to ado r n o u rbodie s with the se ap plia nc es a ndthe
op po rtu nities to use the s e s mallco mputers ha v ebeen incre a s ed
in o u r e v e ryday liv es. W e can s ay with,fair c占rtainty that
miniatu riz atio n ofthe s edevic e s willev olv e, a nd we willm e et the
ubiquito us c o mputing s ociety[1]. How e v e r, c u r r e ntly the r eis n o
m ethod for the s eperso n al devic e sto e x cha nge data directly. If
the s edevic es a r e wire- c o n n e cted,itis clearlyimpr actic albec a use
they easily be c om e ta ngled, s os o m eso rt ofshort･r a nge wir ele s
te chn ologylS requ i r ed. T he c o nc eptfor n etwo rkingthes epe rso nal
● ●
device sha sbe e npr opos ed a s Pe rsonal Area Netw orks (P A Ns)
wbicb us es the ‡1u man body a s atran s missio n eban n el by Dr.
T ho m a sZim m e rm a n[2],[3].
T he pre viou s work in this res ea rch are ais stated in I B M
w eb site 【4]. P A Ngr e w o ut of w o rk betw ee n Pr ofesso r M ike
Hawley
'
s Perso n al Info rm ation Ar chite ctu re Gr o up a nd Pr ofe s sor
Neil Ge r shenfe ld
'
s P hysi cs and Media Group, both lo c ated at the
●
MITMedia Labo r a七o Ty. Ⅰni七ialr ese a rch w as fu nded bythe IB M
Corpo r atio n, Hewlett
-Pa cka Td andthe Fe sto Didactic Corpo r atio n.
Dr. T ho m a s Zim m er m a n(no w at the I B M Alm aden Re s ear ch
Cente r - Use rSystem Ergonomic sRe s e arcl1), W O rkingclo sely with
PT Of. Ger shenfeld, re aliz edthat data c o uld be se nt thro ugh the
body by m od ulating the ele ctric field u s ed in po sition
m e a s u re m e nt e xpe rim ents. T his technique w a sdeveloped by Dr.
Zim m e rm a nin part while M IT was w o rking withthe m agl Cl anS
● ●
Pe n n and Teller to r efine a nillu sio n in which Penn Jillette
"
played
”
m u sic al in str u me nts without to uchingthe m .
Fig. 1
-1 shows aPA Ntr a n s mitte r co m m u nicating with a
F A Nr ec eive r u sing alo w
-frequen cyca mie T(le ssthan 1 M Ⅲz)【3】.
In this refer en ce, Dr. Zim m er m an stated a s follow s. In this
fr equ en cyc ar rier,the r eis no en ergy pr opagatio nand interfere nc e
by neighborl ng P A Ns. Both de vice s a r ebatte ry po w ered,
■
ele ctric ally is olated, a nd ha v e a pa i r Of electr odes. T he P A N
●
tr an s mitter C aPa Citiv ely c o uple s a mod ulating pic o amp
displa c em e nt cur r e nt thr oughthe hu m a nbody to the TeCeiv er･
T he retu rn path is pr ovi ded bythe
郎
e arthgro und,
対
which in cllldes
allc ondu cto r sa nd diele ctric sin the envir o n m e nt thata rein close
pr o ximity to the P A N de vic e s･ T he ea rth gr o u nd ne eds to be
electric ally isolated fro m
r
the body to pr e v e nt shorting ofthe
●
c o m m u nic atio n cir c uit.
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Fig･ 1
11 Ba sic c o n c ept of a Pers o nal Ar e aNetw o rk(FAN)
Co m m u nicatio n cha n n el【3】
Fig. 1
-2 show sthe ele ctricfieldm odelofa PA N七r a ns mitte r
T c om m u nicating with a P AN re c eiver 氏 stated by Dr.
Zim m e r man in 七he r eferen c e【3】. H is e xpla natio ns about the
tr a n s mis sio n m echanism ar e qu oted as follow s. Ele ctric fields
e xistbetw e e nbodies atdiffe rentpote ntials. A s mallpo rtio n ofthe
ele ctricfield are ache s七he r eceiv er 蕊. T he七r an smit七e rTelectr ode
clos est tothe bodytb has alow e rimpedan c etothebodytha nthe
ele ctr ode facing tow a rd the e n vir o n me nt te. T his e n able s the
tr ans mitter T to impo s e an os cillating pote ntialon the body,
relativ etothe,e arthgr o u nd, c au s i ngele ctricfieldsA, B, C, D, a nd
●
E. Simila rlytheimpedanc e a sym metry ofthe rec eiver electrode s
(rb and re)tothe body a nd environ m e nt allow the displa c e m e nt
c u r r e nt fr o m el ctric 丘elds F■and ato be dete cted. Sin c ethe
impeda nce betw een the r e c eiv e r el ctr odes is non z ero, a sm all
ele ctric field 班 exists betwe en the m. T he tra n smitte‡- T
capa ci七ively co uples七o r e ceiv e rRthroughthebody(m odeled as a
pe Tfec七 condu ctor). T he e arth gro und pr o vide sthe r etu rn sign al･
T he circuit r e v eals thatbody capa citanc eto the e n viro n m e nt E
degr ade sP A Nc om m unic atio nby gr oundingthe pote ntialtha七the
tr a ns mitte rT istrying七oimpo s e o nthe body. More o v e r,itis very
interestingthatDr･ Zim m er m an desc ribedthatsta nd ingbar efo ot
r edu ced c o m m u nic ation betw e e n wrist- m o u nted de vices by1 2d B
in on e e xperim ent.
･l
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Fig. 1
･2Electric 丘eldm odelofthe PAN[3】
One of the m e rits of this syste m is that data c a nbe
e xchanged by ou rd aily naturala ctions, s u ch as simply七o uching
o T Step pi ng the receiv er, a nd the u s er c a nbe cle a rly a w a re of
co n n ection . Figs. 1
-3(aト(a)sho wthefutu re applicatio n s. W e c a n
use the s etran s mis sio n system sfo rthe se c u rity, ele ctric m on ey,
a m u se m ent and s oforth. W he n s lgnals pa s sthr o ughthe hu m a n
●
body, ele ctro m agn etic n ois e and obsta cle shav elittlein凸u ence on
tr an s mis sion . Mo re o v e r, IB M res e a r che rs en vision P A N
te chn ologyinitiallybeing ap plied inthr ee w ays[4ヨ;
1)To pa s s simple data betw e en electr omic devices carried bytw o
hu m a nbeings, such a s a nele ctro nic bu sin e s s card e x cha nged
du ri ng a ha ndshake.
●
2)To e x cha nge infor matio n betw e e npe r s onal inform atio n a nd
co m munic ation s devic e s c amied by a n individu al, in cluding
c ellula rphon es, page TS, Pe rso nal digtal a ssista nts (P D As) and
s m art cards. Fo r e x a mple, upon T eCe lVlng a Page, the n u mber
● ●
● ●
c ould be autom atic ally uploadedto the c ellular phon e, requl rmg
the user to simply hit the
u
s end
n butto n･ T his a uto m atio n
inc r e a s eaccu r a cy a ndsafety, espe ciallyin d riv l ngSituatio n s･
●
3) To a utom ate a nd se c u r eco n s um e r bu sin e s str ans actio n s･
Am o ngthe m any e x a mple s:
･ Apublicpho n e equ ip ped with P A Nse nso r s w o ulda utom atic ally
●
ide ntify the u s e r, Who w ouldno lo nger ha v e七o I nput Calling
c a rd n u mbers a nd P I NG. T his ap plicatio n signific a ntly r edu ce s
■
fr aud a nd m ake s c alling it e a sier a nd m o r e c onv e nie nt fo r
u S e r S.
｡ By placing RF(r adio frequ e n cy)s e n s or s on produ cts, s u ch as
r e ntalvide o s, stor es coulde s s e ntial ly eliminate c o u nte rline s
a nd expedite rentals and s ale s. T he cu stom er w o uldsimply
c ar ry the selected vi deo sthr o ugha dete ctingdevic ethat w oul d
auto matically a nd accu rately ide ntifythe custom er and his
sele ctio n s
,
andthe nbill his a c c o u nt a c cordingly.
･ H e alth s e r vice w o rkers c ouldm ore s afely a nd quicklyide ntify
patients, 仇eir m edical histories a nd u n lqlle medicinaln eedsby
●
sim ply to u ching the m. T his ap plic atio n w o uld be particula rly
helpful in a c cident situation s o r whe r ethe patientis u n able to
spe ak o r c om m u nicate.
ここ
/
∫
lD c ode
(a)Autolo ck do o r
C harge
(c)Ele ctric m o n ey
IDc ode
(b)Autologin
(d) Amu s e m e nt
Fig. 1-3 Exa mple s of the futu r e ap plic atio n s
Althou gh m any studie s hav e be e n made o n the
de v elopm e nt of w ear able de vic e s using the hu ma n body a s a
●
tr an s missio n cha nn el, little is kno w n about the tr a ns mis sio n
m e ch anism of.s uch devic e sin the physI Cal 1ayer 鉦o m the view
■
point ofthe inte r a ctio n betw e e nele ctro magn etic w a v e and the
hu m a nbody[2】-[14].
Fig. 1
-4 sho ws the c o m m u nicatio n syste m ofthe P A Ns in
thisdissertatio n usl ng10 M Hz carrierfreque n cy which w a sm ade
●
by S O N Y Co mputer Scien c eLaborato ry In c. [15]. Whe n a use r
w e a r l ngthe trans mitte rtouche sthe ele ctr ode of
【
the r eceiver, a
●
tr a ns mis sio n cha n n el is fo r m ed using the hu m a nbody. In this
c a s e
,
the rec eiv e r r e c ognl Ze S the us er
'
s I D and iも c a n be
pe r s o n aliz ed. T his c om m u nic atio n syste m u s e sthe n e a rfield
r egio n Of the ele ctro m agn etic wave ge n e r ated bythe devic e which
●
is e v e ntu ally c o upledtothehu m a nbodyby ele ctr ode s. He n c e,the
str u cture Of ele ctr odes is o n e of the key is s u e sfo r the
tr a n s missio n u si nghu m a nbody. In this dis s e rtatio n, the a uthor
clarifie s the tr a n s mis sion me cha nis m of the w e a r able de vic e
u si ngthe hu m an body a s atran s mis sion chan n el fro m the vie w
point ofthe inte r actio n betw e e nele ctro magn etic w a ve a nd the
hu m a nbody by u sl ng the biologl Caltiss u e
-
equiv ale nt p血an七o m
●
e xperim e ntally andthe co m pute rsim ulation .
Fig. 1
-4 Trans missio n syste m u s lng the hu m a nbody
a s at.ra n s mis sio n cha n n el
10
Seeもio n1.2 Conte nts
T his disse rtatio nde als withthe ele ctro m agn eticfield distributio n
ge n e r ated bythe w e a r able de vic e which u sesthehu m anbody a sa
tr a n s mis sio n chan n el. Fig. 1
- 5 show sthe c o n str u ctio ns ofthis
dis sertatio n.
In C hapte r2, the autho rfocus e so n the m odeling ofthe
tr a ns mitte r fo r the Finite Diffe r en c e Time Do m ain (F D T D)
c alculatio n s. By usi ng this calculation m odel, ele ctric field
●
distri butio n a rou nd the trans mitter is c alc ulated
'
. Mo r eo v e r, in
o rde rto v eri fythe v alidity ofthe calculation m odel, experim e ntal
● ■
pro cedu r eis ca ried o utby llSl ng a n ele ctric fields ens i ng pr obe,
I
a nd the r e s ult ofthe m e a s u r e m e ntis c o mpared withthat ofthe
c alc ulation .
In C hapte r3, the a uthor e xte nds the c alc ulation m odel of
●
thetr a n s mitte rto whole body m odel w e a n ngthetran s mitter. T he
car rier frequ e n cy ofthetr a ns mitteris 10 M Ⅰ‡z, so w av elength is
3 0 m a nd whole body c alculation is es s e ntial. Fr o m the
calculation r e s ult, the a utho r state sthat m ostpa rt ofthe electric
fieldis co n c entrated a r ou ndthetip ofthe ar m, s o calc ulation ar e a
can be o nly a rm . In the n e xt step, the a uthor c o mpa re sthe a rm
m odel of m ale to the o n e offe male. Mo reo ver, to simplify the
m odeling, the autho r state sthe v alidation ofu sing an a r mthat
ll
has bee n m odeled a s ar ecta ngular pa r allelepIPed hom ogen eo u s
m odeu n the third step, the a utho rco mpar e stw otypes ofthe
ele ctrode sto cla rify the me cha nis m of七ra ns mis sio n u s i ng the
hu m an body. T he distri butio ns ofthe ele ctric 免eld in side a nd
o utside a r m m odel ar e c alculated. T he differe nc es of the
distributio ns ofthe electricfielda r e Show nfro mthe vie wpoints of
the impeda nc e m a七ching 七heo ry by pTOPO Slng the equ l V ale n七
● ●
cir ctユit m odels[16】.
In C hapte r4, Mr. S hige r uTajim a whois c u r r ently wo rking
for B O N Y Co mputer Scien c eLabo r ato ryIn c.[11] andthe a utho r
developed a portable re c eiver which ca n m e asur ethe r e c eiv ed
s lgnalv oltage. T hen,the author constructs an F D T Dc alculation
●
m odelofthe re ceiver s am e a sChapte r2. To sho wthe val idity of
the m odeling, electric 鮎1d distribution a r o u nd the r e ceiver i革
m e a s u r edandco mpa r edtothe calculatio n r esult. To ge ne T ate the
ele ctricfield,the TeC eive Tis used a sthetr a nsmit七eT.
In C hapte r5,the autho rpr opos e s so m e calculatio n m odels
●
ofthe tT anS mi七ter andthe r e c eiv e r atta chedtothe a r m usi ngthe
F D TD m ethod. Fr o m the s e m odels, the a uthor e stim ate sthe
diffe ren c ein the r e eiv ed $1gnal le vel due to the ele ctrode
str u ctur e sOfthe tr ansmitte r and the r e c eiv e r u nder vario u s
conditio n s. M ore o v er, in
l
o rde rto v e rify the validity of the se
calculation m odels, the autho r co m par es the calculated received
12
sign al lev els to the m ea su r ed on e s by u sing the biologi c al
●
●
l
tissue- equ l V ale nt phanto m w e a ring the 七r a n s mitter a nd the
●
r ece i v e r.
In C hapte r6,the autho r state sthe optim al directio nofthe
ele ctr ode s of the trans mitte r fo r u s i ng the hu m a nbody a s a
●
tra n smis sio n chan n el effe ctiv ely. To in vestigate the optim al
dir e ctio n, each co mpo nent of the c u r r e nt distribution 月.o w i ng
■
inside the hu m a nbody l S m e a s u red by u s i ng a Shielded loop
●
anten n a.
In C hapte r7, the a utho rin v estigate sthe do血in ant sign al
tr a ns mis sio n cha n n el, be c ause the qu e stio n of whethe r the
do min a ntsign alcha n n el isin side o r outsidet壬1 ehu m a nbody still㌧
re m ains u n s ettled. To cle a rthis qu estio n, the a uthor propo s e s a
calculatio n m odelofthe a r m wea rlngthetr a ns mitter andr e c eiv e r
plac ed into a hole of a c o nducto rplate . Fr o m this re sult, the
a utho rpredictsthat the sign al m aybepr opagated likethefo r mof
s urface w a v e.
In C hapte T 8, the author in v estigate s the frequency
cha r a cte ristics oftb.e hu m a nbody when itis u sed a s a s ign al
tran smis sio n cha nn el. Be c a use the c arrie r frequ e n cy of the
tran s mitterislimitedo nly1 0M Hzfr o mC hapte r2 to C hapte r7.
T he ele ctrode str u ctu r eto c o m mu nic ate betw e en the w earable
devices m u stbe s m al la nd eligible to utiliz ehigher bit r ate for
13
pr acticalu se･ The refo re,the autho rintends七o e mploy U ltra W ide
Ba nd(U W B)syste m whichhasbeen autho rized七o us e many GHz
ofband width fr om 3.1 G Hz to 1 0.6 G Ⅲz fTo T com m u nic atio n
syste m usi ng the hu man body a s atr an smission cha n nel. T his
te chnology ha s the pote ntial to pr ovide u npr e c ede nted
high- c o n nectivity c o n su m e r pr odu c七s in ubiquitous co mpute r
so ciety.
Fin ally, con clusio n s
■
ofthis dis se rtatio n are pr e s e nted in
C hapte r9.
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Chapter6
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Fig. 1
･5Co n str u ctio n ofthis dis s e rtatio n
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C hapte r2 M ode且ing ofthe w e a Table七T a n Smit七e T
In o rde r tO Clarify the tr a n smis sio n m e chanism s of the
tran smis sio n cha nn el us lng the､ hu m an body, c ompute r
●
sim ulatio nis effectiv e. So the a utho rfo c u s e s､o nthe m odeling of
the w e a r able tr a n s mitter by u sing the F D TD calc ulations [1 7】,
[1 8]. T hen , in order to v eri fy the v alidity ofthe m odel ing, the
autho r c o mpare s m e a sur ed a nd sim ulated electric field
distributions ar o u ndthetT a n S mit七e r.
T he F D T Dm ethod is o n eofthe nu m eric al te chniques,
which s olve sthe Max w ell's equ ations of diffe re ntial fo r min the
tim e do main . Ho w e v e r, the method of m o m e nts als o has be e ‡‡
u sed for the e stim ation of the ele ctr o m agnetic fieldof s o me
a nte n na sincluding the lo s sy obje ct. T his method ha s s o m e
advantage o us pointsfo rcalculatio n. Forin sta nce, the c alculatio n
by u s ing the m ethod of mo m e nts do es not r equ i r e S O m a ny
●
co mpute r r e so u rce s(e.g. com pu七ation al m e mory and C P Uspe ed).
Ho w e v e r, the r e a r eso me defe cts in the c alculatio n of the
ele ctr o m agn etic field of the hu m a n body. Fo r e x a mple, the
calc ulatio n ofthe ele ctro m agn etic field in side a nd outside of a
m ultilaye r ed m ediu m such a s the hu m a nbody is diffic ult.
Mor e o ver, it is n e ces sary to use c o mple x m athe m atical
for m ulatio n sin s o m eca s e s. Ther efore, 1 nthis dis s e rtatio n, the
●
16
F D T Dm ethod is e mployed for the c alculatio n of the
ele ctr o m agn eticfield in side a nd o utside ofthe hu m a nbody with
the w e a r able de vic es･ Bec a u s e
,
in ge n e ral, tho ughthe F D T D
calc ulatio n r equ l r eS a large nu mber ofc om pu七a七ion al m e m o rie s
●
a nd highspe ed C P U, this method ha shigh ge ne r ality espe cially
in the co mple x structure.
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Se ctio n 2.1 Me a s u r e m e nt a d c alculatio n of the ele ctric 丘eld
di8tributio n a r o u rLd thetr a n s mitte r
Fig. 2
-1sho w sthe stru ctu r e of the w e a r abletr a n s mitte r[9]which
ha stw o ele ctrode s. On eis a sign alele ctr odefed with a n excitatio n
s lgnal; 10 M Hz sin u s oid alw a v e of 3volts pe akto pe ak. T he other
o n eis agro und(GN D)ele ctr ode which is c on ne ctedtothe gr o u nd
le v elofthe ele etri(: alcir c uit.
毎らp ,L,
P
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Slgn a
Electrode
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G ND
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C m
C m
C m
C m
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Ele ctrode
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Bo a rd S W
7野
G ND
Electrode
3c m
Fig. 2
-1Stru cture of the w e a r abletr an s mitte r[9】
18
Fig. 2
-2 show s the outlin e of m e a s u r e m e nt ofthe electric
丘elddistribution u sing a n ele ctric 丘eldprobe. T he ele ctric field
distributio n arou nd the tr a n smitte ris m e a sur ed by u sing the
ele ctric field probe (E MR -3 0 0, T Y P E 9, Na rda Safety Test
solutions)which ha sthr e e s m all dipole ante n n a sin the c e nter of
the pr obe sho wn in Fig･ 2
-3･ So the obs e rv ation pla n e of the
ele ctric field is 5 c m a w ay fr o m the tran smitter. T he fr equ e n cy
r a nge of the ele ctric field pr obe is betw e e n3 M Hz and 1 8GH2:･
The r e s olutio nis 0.0 1V/m a nd m e a s u r e m e nt r a nge is for m 1.2
V/m to 1 0 0 0V /m .
,L.
Sigml
Ete ctr ode
Circ uit
ao ard
C N D
Electr ode
i
S W
2 cm
5c m
O bs e r v atio n
Lin e
E_fl eld
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0() 孤
a
Fig. 2
-2 Me a s u r e m e ntc o ndition ofthe ele ctric 丘eld distri butio n
a r o u ndthetr a n s mitte r
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Fig. 2
-31引e ctric 丘eld probe
(E M R･3 0 0, T YP E 9, Na rda SafetyTe stSolutio n s)
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Fig･ 2
- 4 show sthe c alc ulation m odel ofthe tr a n s mitte rto
in v e stigate the ele ctricfieldar o u nd the tr an s mitter by us ing the
F D T Dm ethod. Tw o ele ctr ode s a nd circ uitbo a rd a r em odeled a s
pe rfe ct c ondu cto r sheets. Co ntin uo u s sin u s oidal w a v e(3 V｡･｡, 1 0
M Hz)is fed betw e en the sign al ele ctr ode a nd the cir c uit bo ard･
T he siz e of the c ellsis Ax = Ay = Az = 1c m a ndc alc ulatio n spa ceis
5 0c m x 50cm x 50c m. The abs o rbing bo u nda ry c onditio nis
a s s u m ed on the Li且o, a ndthe tim e stepis 1 9.2 ps to s atisfythe
Co u r ant stability co nditio n. By u sing this calc ulatio n m odel,
ele ctric 丘eld distri butio nis c alculated alo ng the a axisin e a ch
dir e ctio n s(p = O
o
, 9 0
B
, 1 80
o
, 2 7 0
o
, e = O
o
,
1 8 0
o
)sho w nin Fig･ 2-5･
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Fig. 2
･4 Calc ulation modelofthe tr a n s mitte r
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15 Calc ulatio nlin e ofthe ele ctricfield distributio n
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Se ction 2.2 Co mparis on betw ee n m ea s uTe m en七 and c alc ulation
Te S ult
Fig. 2
-6 show sthe c o mpa ris o n ofthe measu r ed a nd c alculated
ele ctric field distri bution a s afun ctio n ofthe dist an c ed･ Fig. 2
- 6
(a) indicate s the m a xim um r adiatio n pla ne be cau s e the
obs e rv ation plan eisin fr ont ofthe tw oelectrode s. Itc a nbe s een
that the radiation fro m the slgnal electrode is strongertha nthe
●
G N Dele ctrode . Beca u s efeeding point is pla ced betw e e nthe
■
s ign al electrode a nd the cir c uitboa rd ofthe tra n s mitte r. As fo r
the G N Delectrode which is c o n n e ctedto the gr o und le v elofthe
ele ctricalcir c uit
,the r eis slightly radiatio n at the poin七ofthe d = L ･
-2 c m wher eis the edge ofthe G N Dele ctr ode . Thisphe n o m e no nis
als o obse rved in Figs. 2
-6(b)and(d), Ho w e ve r,in Fig. 2-6(c),this
pheno m e nonis notobs er v ed. He n ce,itisinfe rred fr o mthis r e s ult
that the electric fieldge n er ated 色･o m the fe eding point is
c o ncentratedat the edge ofthe GN Delectrode.
Asfo rthe differ e nce between m ea s u r em e nta ndc alculatio n
r e s ultin Figs. 2
-6(a) - (f), itis tho ught that the re a r es o m e
diffe re n c esbetween the ele ctr ode structu re Ofthe r e altrans mitter
and calc ulation m odel, andthe r eis agap ofthe obs e rv atio nlin e
betwee n m e asu r em e nt and calc ulatio n. Ho w e ver, the rate of
de crea s e and the nullpoint as a fu n ctio n ofthe distanc e d is
2 3
ge n e rally fit･ Fro m this view point, the autho r can T elaもiv ely
c o mpa re the electric field distributio ntha七indica七e s val idity ln
●
boththeF D T Da nd m eas u r e m e nt.
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C hap七e T3 Aaodelimg ofthe hu m a nbody w eam n欝
4r
七he七Tan S mi七七e T
In 七his chapte r, the autho rextends the calc ulation m odelofthe
七r a n smit七er to whole body m odel w ea ri ng the tr ans mitter. T he
ca rrie rfrequ e n cy ofthe七r a nsmi七teTis 10M Hz, so w a velength is
3 0 m a nd whole body calc ulation is e s sential. FTO m the
calc ulatio n r es ult, the a utho r state sthat m o stpart ofthe electric
field is c o n c e ntratedar o undthetip of the a r m, s ocalc ulation ar ea
can be only ar m .
In the n ext step, the a uthor co mpar es the a rm m odel of
m aletothe o n eoffe m ale･ More o v er,tO Simplifythe m odeling,the
autho r state sthe val idatio nofu s lng an a r mthatis modeled a sa
●
re cta ngularpa rallelepiped(5cm x 5c m x 45c m)a nd its ele ctric al
pa r a m et rs are equ al七o the muscle(Tela七iv e pe rmittivity cT =
170.7 3 andco nductivity q = 0.6 2S/m)[1 9].
In the third s七ep･, the autho r c ompare s′two type s of the
ele ctr ode sto cla rify the mecha nis m oftr ans mis sio n u sl ng the
●
hu m an body. T he distri butions ofthe electric field in side and
outside the a r m m odel are calculated. T he diffe re nc e s of the
distri butions ofthe ele ctricfielda r e show n from the vie wpoints of
the impeda nc e m atching by pr opo s ing the equ ivalent circuit
●
m odels[16】.
2 8
Sectio n3.1 況ealistic whole-body m odelof Japa n ese adult
In this s ectio n, the electric field distributio nin side a nd outside
the hu m a nbody lS C alc ulated by u sing the F D T Dm ethod to
■ ●
u nderstand the tra n smissio n m e chanism ofthe we arable devic e
●
us lngthe hu m a nbody as a tra n s mis sion cha nn el. Firstof al 1,the
autho r u s es the r ealistic high r esolutio n whole-body m odel of
Japan es e adult m ale a nd fe m ale ha v l ng a v e r age height a nd
w eight 【20] sta nding on the ea rth. Bec a u s ethe tr a n s missio n
syste m pr e s e nted in this diss ertatio n us es 1 0 MHz ca rrie r
frequ e ncy, s othe w ave length equ als 30 m eters. Henc e, whole
body calc ulation a r e a will be n e eded fo rthe beglnn l ng Ofthis
●
studybe caus ehu m a nbody st anding o nthe ea rth m ay r e son ate.
Figs. 3.1 (a) and(b) shows the r e alistic highr es olution
whole-body m odel of Japa n es e adult m ale and fe m ale ha v l ng
●
aver ageheight a nd w eight. T he m odelof the m aleis 22ye ars old
a nd1 72.8c m talla nd w eighs 65.0 kg. T hefe m aleis als o22ye a rs
olda nd 160.0 c m talland w eigh53.Okg+ T he r esolutio n ofthes e
c alc ulation m odels is 2 m m X 2 m m X 2 m m . By putting thes e
calc ulation m odels into the F D T Dm ethod, the a utho r
in ve stigatesthe ele ctric field distri bution a ro undthe wholebody.
T he relativepe r mitti vity andco nductivity ofe achtis s ue ar e equal
to the value of10 M Hz[21】. T he trans mitte rwhich w a sm odeled
29
in chapte r2 is atta chedto the w rist of le氏 a r m.
7F
@
軍
(a)M ale (b)Fe male
Fig･ 3
-1 Re alistic high re s olutio n whole -body m odel
ofJap an e s e adult[20]
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Figs. 3
･2(a)a nd(b)sho wthe electricfield distributions of
the whole body(m ale) sta nding o nthe e a rth a nd in 色･ee spa c e,
r espe ctiv ely･ T he obs e rv ation pla n ein cludes fe eding point ofthe
tr ans mitter a ndthe v alu e ofthe electricfield is n o r maliz edbythe
electricfieldstr e ngth at thefeeding gap(750V/m). Fr o mFig. 3-2,
the m o stpa rtofthe ele ctricfield is c o nc entr ated arou ndthetip of
the ar m w ear i ng the tr a ns mitte r. T he o nly diffe re n c e of the
●
electricfield distri butionsin Figs3
-2(a)a nd(b)is a r ou nd theleg
and foot. T he existe n c e ofthe C N Dplate(e a rth)pr e vents fr om
pr opagating a ro un d the s u rface ofthelegs. T his r e
`
sultindicates
that the fre e spa c e c alculation is ap propriate be cau s ethe
tra n s mis sion syste m pr e s e nted in this dissertatio n u s es o nly ar m
r egion a ndther eis n odiffe r e nc ebetw e e nFigs. 3-2(a)and(b)
e xc eptfor thelega r e a. Asforfe male model in Figs. 31 3(a)a nd(b),
the tende n cy of the electricfield distri butio nis alm o st sam e as
Fig. 3
-2(a)a nd(b). Itfollo w sfro m what ha sbe e n s aid thu sfa r
that the difference ofthe electricfield distributio n sbetwee n male
a nd fe maleis veryslight.
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Se ction 3.2ATm model
Ⅰn this s e ctio n, the a uthor u se s Only a r m modelto simplify the
c alculatio n and under s七andingthetra ns missio n mechanis m. T he
electricfield distributio n ofc ros ss e ction ofthe ar mis c alc ulated.
T he c alculatio n m odels a r e m ale ar m, fe male a rm and
re ct angular par allel pIPed hom ogen eo us (m u scle) ar m,
r espe ctively.
Fig. 3
-4(a)sho w sthe ele ctric field distri butio n ofcro s s
s e ctio n ofthe m ale a rm ･ T he obse r vatio npla neinclude sfeedin畠
point ofthe tr ans mitte r and the v alue ofthe electric field is
n o rm al iz ed by the ele ctric fieldstre ngth at the fe eding gap
(750 V/m). T he ele ctricfield is propagated alo ngthele ng他 of the
a r m･ M o s七partofthe ele ctric 毘eld is co ncentrated at the position
ofthetra ns mitte T･ So,thistra n smissio n system u si ngthe hu m an
●
body a s atr an s missio nchan nel ha s advantageto s e nd the s ignal
ju stbyto uchingthe electrode ofthe r e c eiver. M o r e ov er,itha s also
advantage 至r o mthe view point ofthe se c u rity bec a u s e s lgnal is
●
n o七 radiated into the air but propagated alo ngthelength of the
ar m .
Fig. 3
-4(b) sho w sthe electric field distribution of c ro ss
s e ctio n ofthefe male a rm . T he electric 毘eld distributionis alm o st
s a me as Fig. 3
-4(a), althou ghthe shape a ndthickness ofthe a r m
34
a r ediffe rent
,
Fig. 3
- 4(c)indic ate sthe sim plest c alc ulatio n model which
e xpr e s recta ngula r pa ralel piped ho m ogene o u s(m u s cle) a r m.
T he ele ctric field distri butio n of Figs. 3
-4(c)inside a nd outside
the a r mis almo sts am e a stho s e of Fig. 3
- 4(a) and(b),in spite of
hete r oge n e ous str u ctu r ein cludingskin, m u s cle,fat, bo ne a nde七c.
which has diffe rentele ctric alpa r am ete r s. Fro mthe se results,the
autho r c an co nclude that the simple st c alc ulation m odel in Fig.
3- 4(a)is suffic ent to e valu atethe ele ctricfield distribution ofthe
hu m an body. Hen c e, afte r this se ction, the a utho r use s the
recta ngular pa r allelpiped ho m oge n e ou s(m us cle)a rm ..
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Section 3.3 Differ e n ce Ofthe ele ctric field distributio n a. u s ed by
七he electr ode stru ctu re
In this se ctio n, the differe nce Ofthe ele ctric field distri butio n
cau s ed bythe electr ode str u ctu r e ofthe tr a ns mitte ris dis c us s ed
and the a utho r v erifie s effe ctiv e electrode str u ctu r e of the
tr a ns mitte rto us ethe hu m a nbody a s a tr ans mis sion cha n nel.
T he str u ctu re ofthe tr a n smitte ris cha nged a c c o rding to tw o
patte r ns. T he one is in the c as e ofthe tra n s mitte r with G N D
ele ctrode, the othe ro neisin the case ofthe tran smitte r witho ut
G N I)ele ctrode.
Figs. 3
-5(a)and■(b)sho w with C N Dele ctr ode and without
G N Dele ctr ode model, re spe ctively. T he ar m is m odeled a s a
r ectangula r pa ral 1elepiped (5 c m X 5 c m X 45 c m) a nd the
electrical par a m eter s ar e equ al to the m us cle (r elative
per mittivity 6r = 1 70.73 and c onducti vity q = 0.62 S/m) [1 9】. T he
siz e ofthe cellsis Ax = 4v = Az = 1 c m. T he absorb ingbo u nda ry
c o nditio nis ass um ed o nthe Liao, a ndthe tim estepis 1 9.2psto
s atisfy the Cou r a ntstability c o ndition .
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Fig. 3丁6 show s the r es ult ofthe electTic 毘eld distributio ns
inside ando utsidethe a r m. T he obs e rvatio nplan eisthe x zpla n e
at y
= 0 and 0 d B indcates the ele ctric fieldstre ngth at the
fe eding gap. Figu r e3
-6(a)sho w sthe ele ctric field distributio ns
alo ngthe surfa c eof the a r m(-20 - - 4 0d B)be c a u s e c u r r entPath is
for m ed betw e e nthe sl卯 .alele ctr ode a nd C N Dele ctr ode. Ho w e v e r,
●
in Fig. 3
- 6(b),lev elofthe ele ctricfieldon the su rfa c e ofthe ar m
see m slo w(almo st -40 - -60 d B). An dthe ele ctric field do es n ot
pe netr ate in side the a r m whe n G N Dele ctrode does n ot e xist.
T herefor e, G N Dele ctrodeis ne c e s sa ry to make the electric field
ar ou ndthe a rm .
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In additio n,fig. 計7indicatesthe ele ctricfield distributio n s
without the ar m tO Sho wthe validatio n ofu s i ngthe hu m anbody
●
a s atr a n s mis sio n cha nn el. T helos s ofthe ele ctric field is quite
la rge c ompa r ed to Fig. 3
-6. T he a uthor ca n c onclude that this
tr ansmis sio n system u s e sthe hu man body a s atr an s mis sion
chan neleffe ctively.
Ne xt
,
the autho r e xa mines this r esult by propo sing the
equiv alentcir c uit m odels ofpow e rtr an s mis sio n m o r eclosely[16].
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Sectio n3.4 丑qu Ⅳ alen七ciTC ui七 models
●
In this s e ctio n, the a utho r inves七igate sthe diffe re n c es ofthe
ele ctric field distribution ca u s ed C N Delectr ode by u s l ng the
●
equiv ale nt cir cuit m odels 【1 6】. Fig. 3
-8 show s the equiv ale nt
cir c uit m odels ofthe tr a ns mitte r atta ched to the a r m･ Input
po weris e xpressed asthefollo w l ng equation
●
p
in
- }Re
1
tl●■■■一 ■ ‾ ■
(Zin ･ ㌔ ㌔
*
Z
g
＋ Z
in (Zg＋ Z,･n)
v
g[
2
･ Re(Zin)
2 Izg＋ zinI
2
- p
w
s (3-1)
whe re Vg, Zg, Zl
･
B, and Paァ a re the sup ply v oltage, the o utput
impeda n c e, the I nput im pedan c e, a nd the available po w e r,
●
re spe ctiv ely. If Zg is equal to Zip, the n Fig. 計8 r epre s e nts a
tran s missio nlinethatis m atched and S= 1. T he r efo re, Paァ a nd S
is expr es sedasthefollo wl ng equatio n.
●
P
a v
-
S -
l㌔l
2
8 Re(Zg)
4 Re(Zg)d Re(Zin)
(zg＋ zinl2
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≦ 1
(3-2)
(3-3)
Unde rthe as s umption thaもthe resistance ofthe ele ctr ode c a nbe
n eglected, total po wer ofthe loss and the T adia七io n effic ency
basedon the av ailablepo w e rar e e xpres sedasfollo ws
P
t
- Ph＋ Pm
P
,
7 - - -
P
a v
P
a y
- P
(
P
ay
(3-4)
(3-5)
where PB, Pm a nd Pr ar e七he abs orption pow er ofthe hu m an body,
the mism a七chlos s andthe radiatio npowe r, r espectively.
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By u si ng the F D T Dcalculation, the inpu七im pedan ce Z,
･
D
●
[62],theinpu七po w e rPl･D[w]andthe r adiation po w e rPr[W]can be
c alc ula七ed･ Tab･ 3-1 show sthepaTti七ion ofthe a v ailable pow e rP& v
(Pa w = Pl･n ＋ 鬼)u nde rthe as su mptio ntha七the outputimpedan c e
of七he equ lVale n七cir c uits a re50 幻by substituting Zz
･
n,
Pl･D, Prfor eq･
●
(3-1ト(3-5). Fr om Tab. 3- 1, theim agina ry pa r七of Zl･nislo win the
c a s e of e xisting the G N Delectr ode･ T hus, m ost part ofthe
a vailable pow er Payisfedtothe s ignalelectr ode, a ndchangesthe
●
abs o rptio npo w e r ofthe hu ma nbody Pb Onthe otherhand,in the
ca se ofwithout 伝N Dele c七TOde,theinputimpeda n c eZl･n haslarge
a m o u nt of c apacitan c eもe c a u s e n o七 e xis七e nce G N I)electrode
cau s es s七T ay C aPaCit an c ebetw e e nthe hu m a nbody and the
tTa n Smitter･ T hus, m o stpa rt ofthe a v ailable po wer P&v cha nge s
the mism atch loss Pm . Fr om thes e results, the autho r c a n
c o nclude that e xiste n ce of the C N Dele ctr ode c an be quite
effe ctiv e to tr an s mit the s lgn al bec a us eit contri bute sto the
●
im pedan c e m atching. In the cas e of Tab. 3- 2, the r eis no a r m, S O
the im agi n ary part Ofthe I nputimpeda n c eis v e ry capaci七ive
r egardles sofexistence ofthe G N Delectrode.
4 6
Tab. 3- 1 Calc ulatedpa ra m ete rs
ofthe equivale ntcir c uits(with ar m)
With GND W ithotltGND
Zip(f3) 38.6 6 -jl.600 1 3.7 9-j28 3 3
P
a v(W) 2.2 5 0×1 0
之 2.2 5 0×1 02
S 9.83 3×10J 3.43 5×1 04
P由(W) 2.2 1 2×1 0
之 7.7 28 ×1 06
P
m(W) 3.7 5 8×1 0
4 2.2 4 9×1 0i2
Ph(W) 2.2 1 0×1 0
之 6.878 ×10
J5
P
,(W) 1.8 5 0×1 0
-5
8.5 0 0×1 0
-7
” 8.2 2 2×1 0
4 3.7 7 8×10-5
[pq v - pz･n ･ pm pin - Ph ･ Pr]
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Tab. 3-2 C alc ulatedpa r a m et rs
ofthe equivalentcir cuits(withoutar m)
With G N D W itho utGND
Z
,
･
n(f3) 3.98 3-:J7 765 4.027 -j785 5
P
a v(W) 2.2 5 0×10之 2.2 50xlO之
S 1.3 21×1 0
-5 I.3 06×1 0-5
P
t
･
H(W) 2.97 4)く10
-7 2
.940 ×1 0
-7
P
ln(W) 2.250×10
壬 2.2 50×10之
Ph(W) 0.000 0.000
p
,(由) 2.974 ×10
17 2.940×10
-7
” 1.32 2×10
-5 1.3 07 XIO-5
〔Pav - P,･n ＋ P m
4 8
pin
- P
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C hap七e T4 Mode且ing ofthe po rtab且e re c eiv e r
Se ctio n4.1Po rtable receive r
Re c eiv ed s ignal le v el of the r e c eiver depe nds o n the ele ctric
pote ntial betw een r e c eiv i ng ele c･tr ode a nd cir c uit bo a rd. It is
im po rta nt to u nde rsta ndthe strength ofthe r eceiv edsign al lev el
fo rthe pr a ctic al u s e. In this chapte r, Mr. S higer u Tajim a whois
c u r r e ntly w o rkingfor S O N Y Compute r Scienc eI+aboratory ln c.
[1 5] a nd the a uthor de v elop a po rtable r e ceiv e r which c a n
m e a s u r ethe r e c eiv ed signalv oltage sho w nin Fig. 4
-1. T he n, the
a utho r c o n str u cts the F D T Dcalculatio n m odelofthe re ceiver. Tot
sho w the validity of the modeling, ele ctric field distribution
ar o u ndthe r e c eiv e ris mea sur ed and co mpa r edtothe c alculatio n
r esult. To ge ner ate the ele ctric field, the re c eiv e ris u s ed a sthe
tr a n s mitte r which o utputs sin us oidal w av e of3 VpIP. T he rec eiv e r
has tw o electr odes. T he o n eis r ec e lVl ng electr ode which dete ct
● ●
sin u s oidal w av e of10 M Hz. T he other o n eis the GN Delectr ode
which is c o n n e ctedto the gr o u nd lev elofthe ele ctric alcirc uit of
the r e c eiv e r. W he n the r e c eiver dete cts sin u s oidalw a ve of1 0M Hz,
the r e c eiv edsign alvoltageisindicated in.the LCD a re a. T hus,the
r eceiv e r c a n me a su re the received signalv oltage dir e ctly witho ut
co n necting oute r mea s u r e ment equ lPm e nt like a n o s cillo s cope
●
4 9
which affe cts m e as u re m e ntre s ult.
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Fig. 4･1Stru ctu r e of the r e c eiv e r
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se ctio n 4.2 Me a su re m e nt and calc ulatio n ofthe ele ctric 丘eld
distributio n a r o u nd the r e c eiv er
Fig. 4
-2 sho w s the o utlin e of m ea s ure m e nt. T he ele ctric field
distributio n a r o u nd the r e c eiver which is us ed a sthe tr a n smitter
is m e a s u r edby u sing the ele ctric fieldpr obe(E M R
-3 0 0, T Y P E 9,
Na rda Safety Te stSolutio n s). In sidethe ele ctricfieldpr obe, the r e
is athr e e axe s sm alldipole ele m e nt･ T he obs ervatio nlin eis 5c m
a w ayfro m the r e c eiv e r･ The m e a s u r e m ent r e s olutio nis lc m.
ヨ e m 3 c m 3c7 n
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13c m
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Fig, 4
-2 Me a su r e m e nt of the ele ctric field distri butio n
a r o u nd the r e c eiv e r
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Fig･ 4
-3 shows a c alc ulatio n m odel ofthe re c eiv er by u s l ng the
F D T Dm ethod. T he electr ode s a nd circ uit bo a rd are m odeled a s
pe rfe ct condu ctor she ets･ T he r eis a fe eding gap betw e e nthe
r e c e l V l ng ele ctrode a nd cir c uitbo a rd. Calc ulatio n re s olutio ni8 Ax
= 4ア = Az = 1 c m , a nd c alc ulatio n spa c eis 5 0c m X 50 c m X5 0c m.
T he abs orbingbo u nda ry c o nditio nis a s s u m ed to be a sLi且o a nd
the tim e step is 1 9･2 ps that s atisfie s the Co u rant stability
c o nditio n･ Ele ctricfieldis calc ulated alo ngthe aa由sin e a ch side
ofthe re c eiver.
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Fig. 4
-3 C alc ulatio n m odelofthe r e c eive r
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Section 4.3Validation ofthe m odelingofthe re c eiv e r
Fig. 4
- 4 sho w sthe c ompariso n betw e e n mea s ur em e nt and
calculatio n ofthe ele ctric field distri bution arou nd the r eceiv e r.
The s e r esults are n o r mal iz ed by the m a xim u m valu e of the
electricfield in e a ch gr aph. Fig. 4
- 4(a)is p = O
o
whichisin fron七
ofthe electr ode s. Itis c o nfir med that electric field is r adiated
str o ngly fr o mthe r e c e l V l ng electr ode be c a u s efeeding point is
● ●
pla ced betw e e n r e c eiving electr ode and cir c uitbo a rd. Fig. 4
- 4(b)
and(d)indicate s side po sitio n ofthe r e c eiver. 由e ctric field is
c o n c e ntr atedat the po sitio n ofthe re c eivingelectrode sa me a sFig.
4-4(a). flo w e v e r, the electric field distribution of Fig 4-4(b)is
differ e ntfro mthat ofFig. 4
- 4(d). T hisis be ca us efe eding poin七is
n o七pla c ed at the ce nte r of the re c eiv e r. Fig. 4
-4(c)is p = 1 80
o
which isin front ofthe cir c uit bo a rd ofthe r e c eiv e r. T he‡･e is a
slightdiffe r e ntbetw e en m easur em e nt and c alc ulatio nin the ar e a
fr o m d = 5 c m to 1 0c m, be ca us elu mped ele m entis m ou nted o n
the cir c uit boa rd. How e v e r, the c urv e of the electric field
distri butiわn is alm ost sa me. Fr om the re sult dis cuss ed abo ve
,
electric field distri bution sfit quit w ell in e ach obs e rvation lin e.
T hu s
, by adding this calc ulation m odel into the a r m model
w e a r l ng the
■
tr a n s mitte r, electric field distri butio n a ro u nd the
ar m w e a r l ng thetr a n s mitte r a ndr eceiv e r c a nbe calculated.
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C hap七e r 5 朋二odeling of the a rm w e a m喝 the
O
七Tam S mi七七e r and re c eive r
Se ction 5･1 Calculatio n a nd m e as uTe men七 ofthe re c eived sign al
le v el
In this chapter, the a utho rpr opo s e ss o me c alc ulation models of
the 七ra n smitte T andthe re ceive r attachedto the a r m us ingthe
●
F D T Dm ethod. Fr om the se m odels, the a utho r estim ate sthe
diffe r e nce in the re ceiv ed slgnal le vel du e to the ele ctrode
str uctu re s ofthe 七r ans mitte r a nd the r ec eiv e r u nde r V ario us
c o nditio n s･ More o ver, in order to verify the val idity of these
c alc ulation m odels, the a utho rco mpares the calc ulated r eceiv ed
● ● ●
signal le vels to the m easu red o nes by u slng the biologl Cal
tiss ue- equivale ntpha nto m w ear i ngthetr a ns mitte ra ndr ec eiver.
● ●
T he electrode str uctu r eis cha nged accordingto 4patte rn s, ①Tx
and Rx with G N D
, ②Tx with G N Dand Rx witho ut G N D, ③Tx
without G N Dand Rx with GN D, @Tx a nd Rx wi thout C N D,
r espe ctiv ely･ T hen rec eived signal le v els a r einv estigated a nd
●
tr ans mis sion m echa nism betw e e nthetr a n smitte r a ndre c eiv e ris
cla rified.
Fig･ 5
-1 sho ws the c alc ulatio n m odels ofthe ar m w earing
the tr a n smitte rand r e c eiv e rtoin v estigate the diffe r en c ein the
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r e ceived sign al le v el a c cord ing to the electrode stru ctu re s. Figs.
5- 1(a) - (d)a r e, ①Tx a nd Rx with C N D, ②Tx with C N Dand Rx
witho ut G N D, @Tx without G N Da nd Rx with G N D, @Tx a nd
Rx without G N D, r e spectiv ely. T he electr ode s and the cir c uit
bo a rds a r e m odeleda spe rfe ctco ndu cto rsheets, anda co ntin uo u s
sin e w a v e(3 V｡-p, 1 0M Hz)fe edingis placed betw ee nthe sign al
ele ctr ode andthe cir c uitbo a rd ofthetr a n s mitte r. T he siz e ofthe
ele ctrodeis 2 c m x 3 c m a ndthe circ uitbo ards ofthe trans mitte r
a ndr e ceiver a r e3 c m x 8 c m a nd7 c m x 13c m, respectiv ely+T he
a rm is modeleda sa re ct angula rpa rallelepiped(5占m x 5 cm x 45
c m) a nd the electric al pa r a meter s a r eequ al to the m u s cle
(r elative pe rmittivity 6r = 170.7 3a nd c o ndu cti vity ” =
'
0.62 S/m)
【19]･ T he siz eofthe cells is Ax = 4ア = Az =1 c m . T he abs o rbing
bo undary c o nditio nis a s s um edtobe a sLiao, andthetim e stepIS
●
1 9･2 ps that s atisfie sthe Co u r ant stability conditio n. T he
”d7is
defin ed as the dista n ce betw e e nthe signal ele ctrode and the
rec eiⅥ ng ele ctr ode.
●
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Figs･ 5
-2 show the r e s ultofthe r e c eived sign al levelofthe
r e c eiver and(aト(a)indicate ①Tx a nd Rx with GN D, ②Tx with
G N Da nd Rx witho utG･N D, ③Tx withoutG N Pand Rx with G N D,
④Tx a nd Rx witho utCN D, r espe ctively.In c a s e of Fig. 5- 2(a),the
re ceiv ed sign al v oltage de cr ea se s as the distanc e d is inc r eased
betw e en 0and6 cm ･ How ev e rinthe r egion Of d= 8c m, whe rethe
G N Delectr ode ofthe re c eive r do es n ot c ontact the ar m , the
r e c eivedsign alv oltageinc rea s e s aS dista n c ed isin c r ea sed. W hen
d = 19 cm
,
the r eceiv ed signalv oltage dr ops r apidlybec aus ethe
● ●
re c e l V lng ele ctrode does n ot c o ntact the surfa c e ofthe a r m. T his
me ans that the C N Dele ctr ode ofthe re c eive r pre v e nts fro m
● ● ■ ●
r e c e l V l ng Slgnal and七he pr l marytr an s mis sion chan nels e em s 七o
be the hu m a nbody. In ca s e占f Fig. 5-2(b), the nuetuation ofthe
r e ceiv ed le v el is less th an Fig. 5
-2(a) whe n the d is varied.
Moreover,thete nde ncy ofthe r e c eiv edsign alv oltage vs. di島sa me
a s Fig. 5
-2 (a) ov e rthe po sition of d= 8 c m . Ther efor e, the
differenc e Of re c eiv ed le vel of Figs. 5
-2(a) a nd Fig. 5- 2(b)is
c a u s ed bythe pr es ence ofthe CN Dele ctr ode.In ca se of Fig. 5
- 2(c),
the r e c eiv ed s ignal v oltage is the lo west of al 1patte rns of the
●
ele ctrode stru ctur e. T he r e c eived signalvoltageis appr o xim ately
le s stha n40 m V whe r ethe G N Delectr ode ofthe re c eiv e rdo es n ot
c o nta ct the s u rfac eofthe
l
ar m(the r egio n of d= 8 cm). Mo r e o ver,
co mpared with Fig. 5
-2(a),this r e sultindicate stha七the pres e n c e
60
ofthe GN Dele ctr ode ofthe tr a n s mitte ris effe ctive to s e ndthe
sign al from thetr ans mit七er七othe r e c eiv e r. In c as e of Fig. 5
- 2(a),
thete ndency ofthe r e c eiv ed sign alv oltage v s. d is alm ostsa m e a s
Fig･ 5
- 2(c)o v e rthe positio n d = 8 c m. Ho w e v e r,in the r egio n of d
= 7 cm , the r e c eived s ign al v oltage de c r e a s es rapidly as d is
incr e a sed and this r e sult sho w sdis advantage fo rthe practic al
u s e.
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Sectio n5.2 Ele ctricfield dis七ribuもions
Fig. 5
- 3 sho w sthe ele ctric field distri butio nsin side a nd outside
the a rm w e a n ngthetr an smi七te T a nd. r eceive rfo rwhich d i告 se七to
●
6 c m to in ve stigate the innu e nce ofthe presence ofthe G N I)
ele ctr ode･ T he obs e r v atio n pla n ein cludes feeding point ofthe
tr a nsmitte r a nd 0 d B ind
･
c ate sthe electric fieldat the feeding
gap･
Fr o mFigs. 5
･3(a)and(b), in the cas e ofthe trans mitte r
with C N D,the electricfield is pr opagated alo ngthele ngth of the
a r m･ T hese re sultsindic ate adv antage foT the pr a ctic al u s e. On
the othe rha nd,fr o mFig. 5
-3(c),(d),in the c a se ofthetra nsmitte r
witho ut G N D, ge n e ratedelectricfield is notpropagated alongthe
le ngth ofthe arm butr adiatedonthe uppe rside ofthe a rm , T he se
re s ults indicate dis adv antage fro m the vie w point ofthe highe r
signalr e c eption , T his result sho w sthat the C N Delectrode ofthe
tra nsmitter is ne cess a ry to c aus e str onger electric 丘elda r o u nd
the a r m.
Co m paring Fig. 5
- 3(a) with(b), ge n e rated electric field
distributions ar e alm o st s a m e e x c eptforthe a r e aofthe r e c eiver.
In the ar e aofthe receiver, ele ctricfield is n otdistri butedbetw een
the rec e l V lng ele ctr ode and cir c uit board ofthe re c eiver but
● ●
distributed o nthe up pe rside ofthe cir c uitboard ofthe r e c eiv e r.
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T his r es ultindic ate sthatele ctric pote ntialofthe cir c uitbo ard of
the r e c eiv e rare equalto the o n e ofthe ar m bec au s ethe cir c uit
bo a rdofthe r e c eiv e r a nda r m a r e c o n n e cted bythe C N Dele ctr ode
ofthe r e c eiver. T hus, the cir c uitbo a rdofthe re c eiv e ris a cted like
a pa rt ofthe ar m . Fro m this r e s ult, the
l
e xiste nce ofthe C N D
ele ctr odefor the receiv e r r educ esthe re c eivedsignal le vel.
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Fig. 5
-4 show sthe ele cもTic field dis七ribu七ion sin side and
o utsidethe arm Withthetransmitte r andthe receive rfor which d
is s et 七o 17c m. Fro mFigs. 5
- 4(a)and(b),tr an smi七七e rhas a GN D
ele ctrode a nd electric field is propagated alo ngthelength ofthe
arm ･ On the othe rha nd
,
in Figs. 5
･4(a)and(d), tran smitte rdo es
n othave aGN I)ele ctrode andelectricfieldis pr opagated o nthe
up pe r side ofthe a r m. He n ce, strength ofthe ele ctricfieldat the
tip ofthe arm is low e r. In addito n, in the case that the G N D
ele ctrode ofthe rec eive ris n otc onta ctedtothe arm , electricfield
distributio nar o u ndthe ar mis n o七innue nc ed.
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C hap七e T6 De sir ab且e dir e ction fo rthe ele ctrode s of
七he七Ta nSmi七七e T
In this chapte r, the au thorin ve stigate sthe c u rr e n七 distributio n
in side the arm fr o m each c ompon e nt ofthe distributed slgn al.
Fr o m the se r e s ults, the optim al dir e ctio n of ele ctrode s ofthe
tr a n s mitter to u.s ethe hu m an body a s atr a ns missio n ch an n el is
propo sed. Ho we ver, it is difficult 七o mea s u re the c u r r e nt
distri butio ninside the hu man body dir e ctly. So,the autho rinfer s
the c urrent distri butio ninside the hu m a nbody fr o
l
m m e a s u r l ng
the magnetic field distri butio n a r o u ndthe hu m a nbodyby using
●
A mp占r e
'
sla w.
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Se ctio n6･1 Me as uT em en七ofthe magneticfie且d distributions
In this s ectio n, the author in ve s七iga七es ea ch c ompon e n七 ofthe
m agnetic fielda rou ndthe ar m in relatio n withthe directio n of
electr odes ofthe tr an smit七eT. Fig. 6
- 1 sho w sthe c o nditio n ofthe
m ea s u r e m entfo rthe various co mpone nts ofthe magn etic 色eld
distributio n･ T hetr an smitte rhastw o ele ctrodes･ On eistb･e s噌nal
●
ele ctr odetofe ed an e x citatio nsignal(3V｡-,, sine wa v e of10M Hz),
andthe othe ris GN Dele ctrode which is c o ne ctedto the gr o u nd
le v elofthe electricalcir c uit. T he directio n ofthe tr ans mitte ris
ch anged a c c o rdingto tw opa七te rn s七o co mpare the m agn eticfield
distri butio n s･ On eis thelo ngitudin al dir ection sho wn in Fig. 6rl
(a), the other on eisthe七ra n sveT S al dir ectio nsho wnin Fig. 6･ 1(b).
In addito n
,
the c o n ventio nal distan ce betw een signal ele ctr ode
●
a nd G N Delectr ode w a s4cm . How ev er, the dista nce betw een
●
slgnalele ctr ode a nd C N Dele ctrodeis clos edupto lc m n ot to stick
o ut ofthe width ofthe a r m. T he e xpe rim e ntal m u scle
-
equ i valent
●
pha nto m us ed fo rthe a r m, Which is modeled by a re ctangular
pa ral 1elepiped (5 cm X 5 cm x 45 c m) has the relativ e
pe rmittivity cr s et to 81 a ndthe c ondu ctivity cr s et to 0.6 2S/m .
Although, the r elativ e pe Tmittivity of the m uscle at 10M Hz
equals 1 70.7 3[19], the author ha sv eri fiedthathe c a n u se 七his
pha nto m fr o m the refe r e n ce 【2 2]. Be c a u se the rec eiv ed sign al
72
v oltage is alln OSt S a m e. T he r ea s o n ofu singthe phanto m who s e
r elativ epe r mittivity cr equ als 81a s asubs七itu七e fo rthe 6r equ als
1 70.7 3c o m e sfro m the difficulty of m aking a phanto m with su ch a
highr elativ epe r mittivity. Mo r e o v e r,in the chapte r3, the a utho r
in v estigatedthe ele ctricfield distribution a r ou ndthe whole body
m odel w e a r i ng the tr a ns mitte r and fou nd ele ctric field
c on c e ntr ate s a r o u nd the a r m. He nce, o nly ar m model c an be
evalllated in this s e ctio n.
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Fig. 6
-2 sho w s the e xperim e ntal s etup for m e a s u r e m e nt to
e nha n c ethe a c c ura cy of the m e a s u r e m e ntpo sitio n. Figs. 6
-3(a) -
(c)indic ate e a ch dir e ctio n orthe m agn etic 丘eld distributio nin the
m e a s u r e m e nt.
.A
～
Lb
●l
■
■l
●
●
I
I
Fig. 6
-2 Setupfo r m e a s u r e m e nt
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For the m e a s u r e m e nt, a shielded lo op a nte n n a with a
dia mete r of1 c mis u s ed show nin Fig･ 6
-4･ Fo rthe shieldedlo op
a nten n a, a c o axialcable a nd c op pe r wir e with a dia m eter of1.6
m m a r e u s ed･ At the tip of the a nte nn a, a o･5 m m gap I S
c o n stru ctedto ge nerate the re c eiv ed signal v oltage･ A spe ctr u m
a n alyz er a nd a po w e ra mplifie r a re als o u s ed. The shieldedlo op
a nte n n ais s et3 c m abo v ethe s u rfa c eofthe a r m and the m agn etic
field distributio ns ar e m e a s u red alo ng the xa xis atJ, =0 and 2 =3
C m.
0.5
Co a xialcable
1.6
Cop per wire
1.6
Unit: m m
Fig･ 6
14Stru ctu r e ofthe shielded lo op a nte n na
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Fig･ 6
-5 sho ws the va rious co mpone nts ofthe m agn etic field
distribution a ro undthe a rm we a r i ngthetr a n smitter. Thele v elof
●
e achpointis n o r maliz ed bythe valu e of Hz at x = 26cm in Fig. 6
- 5
(b), which isthe m a xim u m valu e ofallm e asu r ed datain Fig. 6-5.
In the ca s e ofthe tT anS miセセer s eセセo thelo ngitudin al dir ectio nin
Fig. 6
- 5(a),fro m Amp如e-sla w,the do min a ntc ur r e ntdistri bution
in side the a r mis the x co mpo n e nt bec a u s eHJ, C OmPOn ent is
stro nge r c ompa redto the HR a nd Hz c ompo n e nts ne ar the tip of
the arm (x = 3 0 to 4 5c m). on the othe rha nd,in the c a se ofthe
tr an smitte rat七a ched七o thQ七r ans v e rs al directio nin Fig. 6
-5(b),
the do minant cu r rent distri butio n in side the a r mis the y
c o mpo n e n七be c a u s ethe Hx a nd Hz c o mpone nts a r e strongerth孜n
the Hy c ompone n七s n ea rtheもip ofthe ar m(x = 30to 4 5cm). Fro m
what ha sbe e ndis c u s s ed abo ve, it c an be c o n cluded that
‾
the
dir e ction of七he do minan七 c uT rent distributio ninside the a r mis
the s a m eas the dir ection ofthe electrodes ofthe tr a n s mitte r,
beca usethe c ur rentisfor m ed betw e e nslgnalele ctrode a nd G N D
●
ele ctI･Ode.
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Se c七ion 6.望 Compa ris on betw een m ea s u r ed a nd sim ulated
m agneもicfield
Figs･ 6
-6 a nd6-7 indicate the c o mpa ris o nbetw e e n m eas u red and
sim ulated m agn eticfieldbythe use ofthe F D T Dm ethod七o show
the validity fo r 七he me as ure me n七･ Thes e figu r es show the
tr a n s mit七e p s et to the longitudinal directio n and 七ransv ersal
dire ctio n, re spectiv ely･ In the F D T Dcalculation, tw o ele ctr ode s
and cir c uit bo a rd of the tr a n s mitte r a r e m odeled as perfect
c o nducto r she ets. T he siz es ofthe electrodes a ndcirc uitbo a rdare
2 c m x 3 c m and 8 c m x 3 c m, r espectively. The n um e rical
●
m us cle - equ i v ale nt ph anto m u s ed for the ar m ha sthe r elativ e
per mi七tivity 6rSet tO 1 70.7 3andthe c o nductivity q s et to 0.6 2S/m .
T he siz e of the cells is Ax = 4ア = Az = 1m m. T he abs orbing
bou nda ry c o nditio nis the Liao, andthe tim e step I S1.9 2ps to
●
s atisfy the Cou r a nt stability c o nditio n. In Figs. 6
･6 and 6-7, all
the sim ulated data a r enor mal ized bythe v alu e of Hx at x = 2 4.5
c m in Fig. 6
-7 (a), which is the m a xim u m value of allthe
sim ulated datain Fig. 6
-6 and Fig. 6
1 7.
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To discus sthe differ e n c ebetw e e n m e a s u r ed a ndc alculated
m agn eticfield, equ atio n(6-1)is defined
Diffe r e n c e=
1
X2
- X l
f1
2
(HMe a s.(x)- H 和 TD(x)2dx [d B] (6‾1)
wher e the HMe a s.(x) a nd HFI) T D(x)indic ate the mea s u r ed a nd
c alc ulated m agn eticfield, re spe ctiv ely. T he 凝 and xl equ al45c m
and 0 c m, r e spectively. Tab. 6.1 show s the diffe re n c ebetw e e n
免 e a 告.(x)a nd HF D T D(E)by using eq.(6-1).
Fr o mTab. 6.1, allthe diffe re nce sof Fig. 6
-6 andFig. 6- 7 are
alm ostle sstha n7d B. Asthe dyn a mic r a ngeforthe m e a s u r em nt
is about -5 5d B,the s ediffe r e n c es are arise n. Ho w e v er,the rate Of･r
de c r e ase a nd the nullpoint as a functio n of the dista n c ex is
generally fit. Fr o m this vie w point, the a utho r c a n r elativ ely
co mpa re the e a ch c om po ne nt ofthe magn etic field distributio n
thatindic ates validityin boththe F D T Dand m easur e m e nt.
Tab. 61 1 Diffe re n c ebetw
'
e e n measu r ed and calc ulated
m agneticfield distributio ns
Fig. 6- 6 Fig. 6-7
(a) ■(b)･ (c) (a) (b) (c)
Differ e n c e[dB] 6.7 7.0 7.2 7.0 5.4 6.5
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Se ctio n6.3Ele c七Ticfield dis七Tibu七io nsin and aro u ndthe ar m
In this se ction, the ele ctricfield distribution sofeach direction of
the ele ctr odes ofthetra n smitte r a rein vestigated. T he r e ason of
dis c u s sl ng七he electricfield distributionisthat the r eceivedsignal
●
v oltage ofthe r e c eiv e ris c alculated fr o mthe ele ctricfield. T hus,
the argu m e ntfro mthe view poin七ofthe ele ctricfield is ess ential.
Fig. 6
-8 illustrates the c alculation m odels of the a r m
w e am ngthe 七T a n S mit七er a nd r e ceiv e r. T he dista n c ebetw een the
tran s mitter a nd the r e c eiv e ris fixed to 17 c m bec au s ethe
tr a ns mitterislo c ated at the c e nter ofthe ar m a ndthe re ceiv e ris
als olo c atedat 也 etip ofthe ar m.
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-8Calc ulatio n m odels 0fthe a r m
w ea ringthetr a ns mitte r a nd r e ceive r
8 6
The stru cture of七he r e ceiv erisillustrated in Fig･ 6
-9 agal n.
T he r e c eiv e rhas o nly r ece l V l ng ele ctrode. T he G N Delec七T Ode
● I
(r efe T七o Fig. 4
-1)is re m o ved be cause the e xiste nc e ofthe G N P
electr ode fo rthe r e ceive r reduce sthe r eceiv ed s ign al volt喝 e
(desc ribed in C hapter 5). Henc e, thereis no optim al dire ction of
the r e c eiv e rbe c ause the re ceiv e rha s only o n e el ctrode. The
re ceiv ed sign alvoltageis calculated fTO m七he electric fieldat the
■ ●
re cel V l ng point. T he r efo r e, this receiv e rdoe s n ot detect the
m agn eticfield but the electricfield.
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Fig･ 6
-9 Str uctur e ofthe r e ceiv er
8 7
Fig. 6
-1 0 illustrate s the electric field distributions
(r o ot- s u m- squ a re) of e a ch directio n of the elec七T .de s ｡f the
tra nsmitte r･ T he obse T Va七io nplaneis the x- a planeincluding七he
● ●
TeCel V l ng POin七 ofthe r e ceive r. T he electricfield is n o rm al ized七o
the value at the feeding gap･ In the ca s eofthe lo ngitudinal
dir ectionin Fig･ 6･1 0(a),the electricfield ispropagated alo ngthe
s u rfa c e of.the ar m (
-50 to - 60 d B). However, in Fig. 6･10(b), the
le velofthe electricfieldon the s u rfa c eofthe a r ms ee m slow (16 0
七o -70 d B) a nd the electric field is n o七 pr opagated alo ng the
s urfac e ofthe a rm butradiated o nthe up per side ofthe a r m. So,
this re s ult m e ans disadva ntagefo rpra cticaluse c o mpa r ed七othe
Fig･ 6
-1 0(a)in 七e rm s ofthehighe rsi帥 .alT eC ePtio n.
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Fig. 6
･10 Electric 丘elddistribution sin and aro undthe ar m
witb tile tra n s mitter a nd rec eiv e r.
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Ⅰn additio n, 軸 . 6･ 11indicate sthe electricfield distribution
witho ut the a Tm 七o show the v alidation ofu s i nghu man body as a
●
tr ansmission chan nel･ T helo ss ofthe electricfieldat 七he r e c e l V l ng
poin七is quitelarge(lessthan -8 0d B)c o mpar edtothe Fig. 6-10.
The a utho r ca nConclude that this 七ra n smis sion syste m u s esthe
hu m anbody a s a七T a nS missio ncha nn el.
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Fig. 6
11 1Ele ctricfielddistributio n s wi thout a r m
9 1
Below is a physical m e an lng Ofthe differ en ce betw ee n･Fig.
●
6-1 0(a) and Fig･ 6- 10(b). As sho w nin Fig.6- 5(a), do minant
c u r
'
entdistributio nis the x c?mpon ent whe nthe tran smitteris
set to the longitudin al direction. Henc e, electric field is
distributed alo ngthele ngth ofthe ar m(x dir e ctio n). on七he othe r
h and, a sshow n in Fig.6
- 5(b), domin ant c u rent distri butio nis
the y co mpo ne nt when the tTa n Smit七eris s e七to the tr ansv e rsal
dire ctio n･ He n ce, electric fieldis no七 distributedー alo ng the x
dir ectio n. Co n s equ e ntly, the difference ofthe c u r entdis七Tibution
cau s e s七he differ e n c eofthe ele ctricfield distribution .
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Section 6.4.Calc ulation a nd m e as u T em e n七 ofthe r e c eiv ed sign al
lev el
T he pictu r e sho w nin Fig. 6
-1 2ar ethe m e asu re me nt c o nditions
ofthe r e c eiv ed slgnal v ol七age a co rding 七o the dire ctio n ofthe
ele ctr odes ofthe tr a n s mitter. In orde rto veri fythe validity ofthe
c alc ulatio n models, the autho r c ompa re s the r e c eiv ed $1gnal
●
voltages by the c alculatio n to the m eas u r ed o n e sby u s l ng the
●
biologic al tiss ue
-
equivale nt pha nto m. In Fig. 6
-1 2(a), the
tra ns mitteris attached in thelongitudin al dire ction . On the othe r
hand, Fig. 6
-12(b)indic ate sthetr ans ver s al dir ection .
9 3
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(b)Tra n s v e rsal dir ectio n
Fig･ 6
112 Me as ure m e ntconditio n ofthe r e c eiv ed signalv oltage
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Figure.6
-1 3show sthe c omparis o nbetw e e nthe m ea s ured
r e c eiv edsignalv oltages a nd the calc ulatedo n e s. T he res ultshow s
a good agr e em e nt of the calc ulated and m e a s ur ed r ec eived sign al
le velsthatindicates a con siderable val idity n boththe F D T Da nd
m e a s u r e m e nt. W hen c o mpa r edto the r e c eiv ed signalvoltage of
the lo ngittldin al dir ectio n, the on e ofthe tr a n s v e rs al dir e ction
dr ops of neふrly 10 pe rc ents. Mo r eover, the recei寸ed sign al
●
v oltage s wi thout a rm are alm ost ze ro. So, the tra ns mis sio n
●
syste m usl ng the hu m an body as a tr a n s mis sio n ch an nel ha s
adv a ntage o ver tho se u sing airbo rn e r adio wa v e s. Regardingthe
diffe r e n ce ofthe relativ epe r mit七ivity,the r ec eivedsign alv oltages
a r e alm o sts am e. He nc e,itis appr opriateto u s ethephanto m,.with.
gr s et to 81 as a s ubstitute for the 6z. SettO 170.7 3.
As a c onclu sion,1o ngitudinal directionis effectiv eforS e nding
■
the s ign alto the re ceiver, co mpa r edto the tra ns v e r sal dir e ctio n.
T hes einv e stigatio ns llaVe m ade it clear that w e c a nu s e the
hu m a nbody a sa tr a n s missio ncha n n eleffectivelyby nu shingthe
c u re nt alongthele ngth ofthe a r m.
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C hap七e T7Ⅰ)o min a n七sign al七T a mS mis sio n cha n n e且
Section 7.1 Calc ulation m odel
In this s e ction , the autho r in vestigates the do min ant sign al
tra ns mis sio n chan n el, be c a use the qu estio n of whethe r the
do min a ntsign alcha n n el isinside o r o utsidethe a rm stillr e m ains
u nsettled･ To cle a r this questio n, the a utho r Pr opos e s a
calc ulatio n m odelofthe a rm w e a r l ngthetr an s mitter andr e c eive r
pla ced into a hole of a c onducto r plate. Fig. 1-1 shows the
calc ulation m odel ofthe a r m with the tr a ns mitter a nd r e c eiv e r
●
u si ngthe F D T Dm ethod.
T he r e a so n ofc on str u cting s u ch a c alc ulatio n m odel is a s
fo llows.Ifthe do minant signaltr a n s mis sio n cha nnel isinside ar m ,
re c eived sign al will be ge ne rated whe nthe gap gequals z e r o. On
the othe rha nd, ifthe domina nt signaltr a n s missio n cha nn el is
o utside a r m
, ge nerated ele ctricfield from thetr a ns mitte r willn ot
be pr opagatedto w a rdthe rec eiv erbutrenected at the positio n of
the co nducto r plate, whe n the gap aequals z e r o. He n c e, the
do min a nt sign altr a n s missio npath can be cla rified by u s i ngthis
c alc ulation m odel.
T he size of the c o ndu cto r plate d is physI C ally infinity
be c au seitis attachedto the absorbing bou ndary ofthe F D T D.
9 7
The siz e ofthe c ellsis A x = Ay = A z = 1 m m･ T he absorbing
bo u nda ry co ndition is the I+ia o, a ndthe 七im e stepis l･9 2ps 七o
s atisfy the Cour ant stability c o ndition . T he dista n c ebetw e e n
signalelectrode andGN Delectr odeis s et 七othe c o nventionalsiz e
(4c m). By u sing七his m odel,the electricfield dis七ributio n andthe
r e c eiv ed sign alvoltageisinv estigated as a fun ctio n ofthe gap g
betwe en the hole ofthe c o nducto rplate a ndthe s u rfa c eofthe a r m.
T he re aso n of dis c us s l ng 七he ele ctric field distri butio n in this
s e ction is that the received signal voltage ofthe r eceiv e ris
●
c alculated fr om the electric field･ T hu s, the a rgu m e ntfr om the
vie wpoin七ofthe ele ctricfield is e ss e ntial.
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Se ction 7･望 E且e ctTic field distributio n s a nd re c eiv ed 凱gn al
●
v oltages
Fig･ 7
-2 illu s七Ta七e s the ele ctric field distributio ns
(ro ot-s u m- squ ar e)in side and o utside ar m ･ T he obs ervation pla ne
is the K ZPlane a nd y plan ein clude sthe TeCe l V l ng point. The
t J
ele ctric field is no rm alizedto the valu e at the feeding gap･ Figs.
7-2(a)and(b)sho wthe electricfield distribtltio n s whe nthe gap a
is -1 m m a nd 0 m m
, r e spectively. It c an be se e n七hat the ele ctric
免eld is n ot pr opagated七ow ardthe r e c eiv e rbu七 re瓜ected at the
poin七ofthe c o ndu cto rPlate. Ho wev er,in Figs. 7
-2(c) - (i), a sthe
gap gbetw e e nco ndu cto rplate a nd 也e surface ofthe arm bec o m es
wi de r,the ele c七Tic 鮎1d is m ore Pr opagatedtow a rdthe r ec eiv e r.
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Fig. 7
-2 Ele ctric 丘eld distributionsin side and o utside ar m
w e aring the tra n s mitte r and r eceive r.
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Fig. 7
-2 Ele ctric 丘elddistributio n sin side a nd o utside a r m
w earing thetra n s mitte r a ndre c eiv e r.
102
Ele ctric Field ErNo r m aliz edl
- ■■■【dB】
-1 00 -8 0 -6 0 -4 0 1 20 0
育
_I
-喜E
･
_I
-
:
:E
10 15 20 25 3035 40 45 50 5 5 60
x[c m]
(e)Gap g = 10 m m
Ele ctricField E〔Nor T naliz edl
1 - [dB】
-1 00 -8 0 -60 14 0 12 0 0
J二‾､ ,甥 ト ー 沖
+ L
'
.
5 0 5 10 15 20 25 30 35 40 45 55 60
x[c m]
(OW i tho utc ondu ctor plate
Fig. 7
-2 Electric field distri butio n sinside a nd outside a r m
w ea 血 gthetr a n s mitter a nd re c eiv e r･
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Fig･ 7
-3 sho ws the c o mpa riso n betw e e nthe m easu red.
receiv edsign alvoltages andthe calc ulatedvalu es as afu nction of
the gap g･ To mea s u re the r eceived signal v oltages, a condu cto r
plate with a size of20 0cm x 2 00c mis u s ed(d = 200c m). W he n
the size ofthe gap glS
･1 m m and 0 m m, the r e c eived sign al
●
v oltageis alm os七 z e ro･ 顎o weveT, aS the gap gbe七w een c o ndu ctor
plate a nd su rfa c eofthe a rm bec o mes wider, the rec eiv ed sign al
voltage ris e s sharply･ Mo reov er, the resul七 shows a good
agr e em ent ofthe c alculated a nd m ea su r edr ec eiv ed signal lev els
that indic ate s a c o n side r able val idity ln both the F D T Dand
m ea su re m en七･ T he rea s on ofthe differen ce ofthe rec eiv ed sign al
v oltage betw e en lo ngitudin al dir e ctio n in Fig. 6-13 a nd w/o
co ndu cto rin Fig. 7
-3 is c o m efr om the diffe r ence ofthe dista n ce
betw e e nthe sign alelectr ode a nd G N Delectr ode･In Fig･ 6
- 13,the
●
dista n cebetw e en the signalelectrode and G N Dele ctrodeis lam .
T he cir cuit ofthe tr a n s mitter is alm o st shoTted. He n c e, electric
免eld ge ner ated fro m the tran s mitte r is l占w er than the
co n v entio nalsize(4c m).
On theba sis ofthes e r e sults, do minantsignaltr an s mis sio n
ch an nelus i ngthe hu m a nbody a sa tr an smis sio n cha nn el is n ot
in side but the su rfa c e ofthe ar m, bec a use s lgnals e em sto be
●
distributeda sa s u rfac e w a v e.
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betw e en co ndu cto rplate ands urfa c e ofthe ar m
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G hap七e T8 馳 eq.ue m cy cha racもe Tistic8 fyo m 10M Hz
もo 1 0G Hz
In this chapter, the autho r investigates the fr eque ncy
chaT aCteris七ics ofthe wea r able deviceby u si ngtheFDT Dm ethod.
●
T he calc ulatio n model ofthe ar m w e a mng the tr an smitter a nd
■
r e ceiv er is illustr ated in Fig. 8
-1. The tT a n Smi七teT has 七w o
ele c七r odes･ On eisthe sign alelec七T Odetofeed an excitation signal
● ●
(Sin u soidal w a v e of 3 Vp･p), andthe other one is G N Delectrode
which is c o n n ectedtothe gy o u nd lev elofthe ele ctricalcir c uit. In
the F D T Dcalc ulatio n, tw o ele ctrode s a nd cir c uit bo ard ofthe
tr an smitte r are m odeled a spe rfe ctc onductor Sheets. T he siz es of
the ele ctr ode sar e2c m x 3c m a ndthe size ofthe cir c uitboard is8
c m X 3 cm . T he c a r rie rfrequencyis shifted fr om 10M Hz to 10
GHz (including the UWB frequ e n cy b and). In the c a s eofthe
r e c eiv e r,i七ha sa r ec e l V lng electr ode ･ T he re c el V lng electr ode and
● ● ● ●
the cir c uit bo a rd a re also modeled a sperfe ct condu ctor she ets.
T he nu me ric al m us cle equ i valent phanto m u sed fo r the ar m
●
which is m odeled by a r ectangula rparal 1elepiped(5 cm x 5 c m x
45 c m)ha ss a me r elative pe T mittivi七y 6y andc onductivity q[S/m]
in e a ch freque n cy[1 9]. T he distan ce betwe en tr a ns mitter and
r eceiv e risfixedto 17c mbe c a u sethe七r a ns mitterislocatedat the
c e nte rofthe ar m a ndthe re ceiv e ris als oloc ated at the tip ofthe
10 6
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-1C alc ulatio n m odelof the a r m
w e a n ng thetr an s mitte r a nd the r e c eiv e r
Fig. 8
-2 sho ws the tr a n s mis sio n effic e ncy T[d B] a s a
fun ctio n of the c a r rie rf)･equ e n cy of the w e a r able tr a n s mitte r. The
tr an s mis sio n efficie n cy T[dB]is defined a sfollo w s,
･ - 20loglO(a)[d B･ (811,
whe r e I(T k[v] m e a n s v oltage of the feeding point of the
transmitte r;a c c o rdingly3V｡･｡, a nd VRr[v] m e a n s r e c eiv ed signal
v oltage ofthe r e c eive r. T he r e c eiv ed sign alv oltageis c alc ulated
fro mthe ele ctricfieldat the r e c e lV l ngpoint. In Fig. 8
-2, the r e s ult
sho w sthat the r eceiv ed signalvoltage de cre a s e srapidly fro m 1 0
107
M Hz to 1 G Hz . M o r ethan 1 G Hz, the re ceiv ed sign al voltage is
alm o stflat.
0
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Fr cqu e n cy[G Hz]
Fig･ 8
-2 Tra n 白mis 8io nefficie n cy Tv s･ frequ e n cy
10
1 bu ndersta nd this m e cha nis m, the au tho r calculates the
r adiatio n effic e ncy ”[%】 wh ich is de丘n ed a sfollow s,
” -喜×10 0 [%】 (8-2)
whe re Pr[w] m e a ns r adiated po w e r and Ph[W] m e a ns input
po w e r･ r e8pe Ctively･ Fig･ 8
-3 sho ws the r adiatio n efficien cy ” v s.
frequ e ncy･ In the frequ e n cy ra nge belo w 1 GI 血, the r adiatio n
effic ency ”is v e rylo w･ T his r es ult m e a n sthat the s u rfa c e w a v e
lO8
propagatio nis do min a nt belo w 1 GHz . Eo w e v e r, the radiatio n
efficie n cy 7 is alm o st flat(fr o m 60to 8 0 %) o ver I GHz. It
indic ate s that signal is not pr opagated a s the s u rfa c e w a v ebut
radiated into the air s u r r o u nding the a r m. T his r e s ult m e a n s
dis adv a ntage fo r the pr a ctical u s efr o mthe vie w point of the
s e c u rityis s u e. Be c a u s ethe sign alisle aked intothe outside orthe
tI･a nS mis sio ncha n n el.
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1 0
Fig凱 8
-4 and 8-5 show the input po w er P]･h VS･ fr equ ency
a ndthe radiatedpo w e rPr v s･ fr equ ency, re spectiv ely･ In Fig. 8
- 4,
i七c a nbe se en that the re are七wopeakpoints a七1GHz and2 GHz.
Ho w e v er,thetr a n smis sio nefficiency T is notincr eas ed in Fig. 8
- 2.
AlthoughPl･D isin cre a sed,iもis used for radiation into the air Or
abs orptio nin the hu ma nbody.
In Fig- 8
-5, i七 c a n als o be s e en that the r eare 七w o peak
points at 1G Hz a nd 2 G Hz･ Radiated po w er Prisin cr e ased, but
thetra ns mis sio n effic ency Tis n o七in cT e a S edin Fig. 8-2 bec a use
●
signal is n o七propaga七ed a sthe s urfa c e wa vefo rm . Electricfield is
n otpr opagatedtow a rdthe r e c eiv erbutr adiateduppe r side ofthe
ar m ･ T his r e s ul七 m e ansthe s u rfac e w av ealongthe rhu m a nbody･､
co n七ributes 七o highe r Signalr ec eptio n. T herefo re, w eca nu sethe
●
hu ma nbody a sa tr a n smission chan nel effe ctively below 1 G Hz
whe nstr uctu re Ofthetra nsmitterin thisdiss e rtatio nis u s ed.
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G hap七e T9Gonc且u sio n s
T his dis ser七a七io nde al七 with the 七T anS mis sion m e chanis m ofthe
we arable de vic e usingthe htlm a nbody as a七rans mis sion cha n nel
fr o mthe vie w point ofthe interaction betwe e nele ctro m agnetic
w ave a nd the hu m a n body by u$1ng the biologl Cal
■
tis s u e- qu lV alen七 pha nto m expe rim entally and the c o mpu七e T
●
sim ulatio n.
In C hapte r2, the a uthor fo c u s ed on the m odeling ofthe
tr a n s mitter fo r the Fi mite D iffer en c eTim e Dom ain (F D T D)
c alc ulations･ By uslng this calculatio n m odel, electric field
■
distri bution a r o u ndthetrans mitter w a s c alc ulated. Mor e ove r,i汲
o rde rto verifythe v alidity ofthe calc ulatio n m odel, experim e ntal
pr oc edu r e w a scarriedoutby u singthe electricfields e n$1ng PTObe,
● ■
a ndthe re s ultofthe m e as u re m ent was co m pared wi 払七hatofthe
calc ulation . The val idatio n ofthe F D T Dcalculatio n model wa s
indic atea.
In C hapte r3,the a uthor e xtendedthe calculation m odelof
the 七r a ns mi七ter to whole body m odel we am ng the 七r ansmitte r.
●
Fr o mthe c alc ulation result, the a uthor statedthat m o stpart of
the electric 艮eld is c o nce ntrated arou nd the tip ofthe a r m, so
calc ulatio n area c a nbe o nly ar m ･ In the n ext･ step, the author
co mparedthe a rm m odelof m ale 七othe one offe m ale. Mo r e o ve r,
112
to sim plify.the m odeling,the a utho rstatedthe valid.a七io nofu sing
●
the a r mthat w as m odeled a s a T eC七a ngula r pa ral 1elepIPed
■
ho m oge n e ou s model. Fr o m the s e r e sults, the a utho r
c o n cluded that the recta ngular pa r allelepIPed ho m oge n e ou s
●
calculation m odel is s uffic e nt to evaluate the electric field
distributio n ofthe hu m a nbody. In the third step, the a uthor
c o mpa r edtw oty pe s ofthe ele ctr odesto clari fythe m echanis m of
tr ans mis sio n u sing the hu m a nbody. T he distri butions ofthe
electric fieldin side a nd o utside the a r m m odel we re calc ulated.
Mo r e o v e r, the diffe ren c e softhe distribution s ofthe ele ctric field
w e re show n fr om the viewpoin七s of the impedanc e m atching
the o ryby pr opo si ngthe equ l Valentcir c uit m odels.
● ●
In C hapte r4, Mr. S hige r uTajim a whois c ur rently w o rking
fo rS O N Y Co mputer Scie n c eLabo rato ryln c.[1 5-l andthe a utho r
de velopedthe portable r e c eive r which c a n m e asu r ethe re c eiv ed
■
s lgnal voltage directly. T hen, the a uthor c o n str u cted the F D T D
calc ulatio n m odelofthe r e c eiv e rs am e as C hapte r2. To sho wthe
v alidity ofthe modeling, electric 色eld distri butio n a r ou nd the
r e c eiv e r w a s m easu r ed a nd co mpar edtothe calculatio n res ult. To
ge n e r ate the ele ctric field, the r eceiv e r w a s us ed as the
tr a n smitte r. T he v alidation ofthe F D T Dcalc ulatio n m odel w as
de m on str ated.
In C hap七eT 5,the autho rpr opo seds om e c alculatio n m odels
113
ofthe 七ra n smitte Tandthe T eCeiveT atta chedtothe a rm u Slngthe
●
F D T Dm ethod. Fr om the se m odels, the a uthor estim ated the
diffe r e nc e Ofthe ele c七Tic fielddistributio n a nd re ceiv ed signal
lev el du e to the ele ctr ode str uctu res of the tran smitter and
rec eiv er u nde r Vario u s conditio ns･ Mo reover,in o rder七o v erifythe
validity of七he se calc ulation m odels, the a utho r co m par ed the
c alculated r e c eiv ed signal lev els 七o the m ea sured o nes by using
●
the biologlCal tiss ue
-
equivalen七 ph antom e xperim entally･ T he
●
r e s ul七sho wed a go od agr eem ent Ofthe calculated and m eas u r ed
r e c eiv ed s lgnal levels. In ad dit on, the G N Dele ctrode ofthe
●
tra n smi七te Tis ne c e s s a ry to strengthen the ele ctric fielda ro und
the ar m . H ow e ver, the existe nce ofthe GN I)electrode･ofthe
r ec eiv e rreduce sthe r e ceivedsign al level.
In C hapter 6,the author statedthe optim al dire ction ofthe
ele ctr odes ofthe tr ansmitter fo r u si ng the hu ma n body a s a
●
tr a n s mis sion cha n nel effe ctively. To inv estigate the optim al
dir e ction, e ach c o mpo n ent of the c ur r e nt distri bution flowlng
■
inside the hu m a nbody w a sinferr ed by us ing the shielded loop
a ntenn a. As a re sult
,
the autho r madeitcle arthat we c a n u sethe
hu m a nbody as a七r ansmission cha n n eleffectivelyby 皿ushingthe
c u re nt alongthele ngth ofthe ar m.
In C hapte r7, the autho rin v estigatedthe do min ant sign al
tr a n s mis sion cha n n el, because the questio n of whethe r the
1 14
do min ant sign al cha n n el w a sin side or outside the hu ma n body
stillr e mained u n s ettled. To clear this questio n, the autho r
pr opos ed the calculation model of the a rm W e aring the
tr a n smitte r and the rec eiv e rpla c ed into a hole of a c o nducto r
plate. T he result in dic ated that do min a nt s ign al tr a n s mis sio n
●
cha n nel u s l ngt九e hu m a nbody a sa tr an s mis sio n chan n el is not
inside but the s urfa c e ofthe a r m, bec au se slgnal see m s to be
●
distri buteda sa s urfa ce w a ve.
In Chapter 8, the a utho rinv e stigated the fr eque ncy
chara cte ristic s(fr o m1 0M Hz to 1 0G Hz)ofthehu m a nbody by
us i ng S Om e ante n n aPara m eters Whe n it is used a s a sign al
tr a n s mis sio n cha n n el. Be c aus e the car rie r fr equ e n cy of the･
tran s mitter had be e nlimited o nly 1 0M Hz fro m C hapter 2 to
C hapter 7. It w a s cla rifiedthat the√s u rfa c e w ave alo ngthe hu m a n
body c ontributes to higher slgnal rec eption a nd w e ca n us ethe
hu m a nbody a s a tran s mis sio n chann el effe ctively below the 1
G Hz. Ov e rthe 1 G Hz, the sign al is n otpropagated a sthe su rfa ce
●
w a v ebu七 r adiated into the air s u r r o undingthe ar m. T his res ult
m eans disadv antage for the pr a ctic al us efro m the vie w point of
the s e curityis su e. Be c au se the s ignal isle aked intothe o utside of
●
thetr a ns missio n chann el.
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Ap pe ndix ･1
Finite diEfe T e n C e七im e do m ain(F D T D)m e地od
T he fin ite differen c etim e do m ain (F D T D) m ethod is on e ofthe
n u m eric alte chniqu e s, which s olv e sthe Ma x w ell
'
s equ ation s of
diffe r e ntial fo r min the tim e dom ain . T he F D T Dm ethod w as
pr opo s ed by a. S. Wee 【1 7】. At pr e sent, the F D T Dm ethod is
widely em ployed fo r s olvingthe ele ctro m agn eticpr oble ms s u ch a s
improv e m e nt of str uctur e of the ante n na, re s ear ch on the
inte raction betw een the electr om agnetic fields and the hu m a n
body;andso o n.
T hefinite differen c e ap proxim ation ofthe F D TD m ethod is
w ritten a sfollo ws:
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He re, fo r a contin u o us fun ctio n ofspa ce and七im ei(x,y,a,i),
itsdis cTetiz ed for m atBthtim e stepc a nbe writte n a sfn砕 = i(1
'
Ax,
}ALV, kAz, BA A), whe r eAx, 4ア a nd Az a r e C ellsizesin the finite
differ e n c erepre s e ntation a nd A tis the in c r e m entaltim egtep.
Othe rc o mpo ne nts Ey, Ez, Hy, a nd Hz a r egive nbythe s a me[1 8】.
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Ap pe ndix 2
Ho w七o c o okthe m u s cle equ lVa且e n七pha m七o m
●
Pr ofe sso rKoichi lto
'
s Labo r atory[23】, C hiba Univ e r sity, ぬpa nis
ve ry fa m o us for biologlCal tissu e
-
equ lV ale nt solid pha nto ms.
●
T he r efo r efro m n o w o n, the ap pe ndix 2 pr e sents the co oking
m ethod of the phanto m . Tab. A
-1 sho w sthe ingredients ofthe
m uscle equ i v ale ntpha nto m us ed in thisdissertatio n.
Tab. A -1Ingr edients ofthe m u scle equi v ale nt.phantom
●
Deio niz ed Wa七e r 95.6 6 %
Aga r 4 %
NaCl 0.2 4%
Sodiu mAzide 0.1 %
[pr operties oftheph anto m]
1)En viro nm e ntalte mper atu r e
2 2- 2 5℃
2)Electric alc o nsta nts
Relativ eper mittivity sr = 8 1,
Co nductivity ロ
･ = 0.62S/m(2 3.5℃ ,5 - 4 0MⅢz)
3)The rm alconstants
De nsity p= 1.0 × 103/m 3,
Specific heat c = 4.2 × 1033/kg ｡ ℃
12 1
【Ne c e ssary七o o且s3
Ne cessa ryto ols ofthe m aking phanto ms are asfollows;
･ Pr ecision s cale
｡ Ga sstov e(Stov ewith h主ghpow e Tisbetter. T he one usingPr of.
K. Ito'sLab.is 4,100 kcalrh.)
･ Pot(Abo ut5liters)
｡ Mold
･ Spatula
也 Knife
｡ Plasticfilm forpr e s ervation
｡ T he r mo m ete r
[Co oking pr o c edure Ofthepha n七o m]
Fabric atio npr ocedu re ofthe phanto mis a sfo llow s;
1･ Me a s u r ethe ma s s ofea ch ingr edie n七accu Ta七ely.
2･ Pu七the s odiu m chlo ride, agar, and s odiu m azideinto the pot
filled wi th the deio niz ed w ate r. T he n, dis solve the m
tho r o ughly.
3･ 琵e at the c o mpo und liquido nthe c ooking stov e wi tha str o ng
鮎 e . Co ntin uo usly stir theliquidwhile r ubbingthe botto m of
the pot with a spatula e v enly a nd lightly, so that the liquid
sbouldn otsco I･Cb.
4. Stop the fire im m ediately whe n the substa n c e sta rts boiling
12 2
(bub ble b.oils up allo v e r a nd the liquidside c o mes to Ti白e).
Ne v e rtheless,ifthe agaris n ot s uffic e ntly he ated,itdoe s not
c oagulate. A minim u m15 min utes of he atis nec essary.
5. Pour the s ubsta n c e slowlyinto a m oldsothat the airis n ot
intr uded. Notethat the air doe snote nte rea sily whe nthe m old
is slightly in cl ined(like w epour the be e rinto a m ug) a nd
substa n c epo ll r edslo wly.
6. A plasticfilm ha sto be put afte rfinishing pou r l ngS Otha七the
phanto m doe sn ot stickto the m old. Mo r e o v e r, this pr o c edu re
preve nts七he forelgn S ubst ancesfro m in v adingthephanto m.
●
7. Le a v e at r o o mte mperat ur efo r o n e night. Me a n while, puto n c e
the knife betw e e nthe sides ofthe phanto m and m old 3to 5
ho u rs later after po u r i ng if it is po ssible. T his pr o c edu r e
●
prev entsfr om cra ckingthe pha nto m du rl ngits c ooling.
8. A fte rthe pha nto m ha s c oagulated,tu rnit o ut.
9. Rou nd do w nthe edge softhe pha nto m andtrim its shape. Cut
offthe top ofthe pha ntom for sev eralc e ntim eter sbec au s eits
su rfa c eis u sual ly n ots m o oth.
1 0. In o rde rto pr otect the dryn es s, w rap the pha ntom with a
pla sticfilm . Itca nbe keptfor m oretha n o ne m o nth ifit sleft
atroo mte mpe r ature.
12 3
Fig. A
-1 Mu s cle equiv ale ntpha nto m.
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Ap pe ndix 3
Rec eiv ed signal且ev e且a s afu n ctio n ofthe siz eof 払e
七Tan Smit七eT
Fo rthe pr a cticalu s e,itis suitablethatthe siz e ofthetr a ns mitte r
is relatively s m all like a w rist w atch. Hen c ein ap pe ndix 3, the
autho rin v e stigate sthe r ec eiv ed sign al le v elofthe r e c eiver whe n
the siz eofthetra n smitte ris changed fortheba sic study.
Fig. A
-2 sho w sthe calc ulatio n m odel ofthe ar m W e ar ing
●
the tr a ns mitte r and re ceiver to in vestigate the diffe r enc ein the
r ec eived signal le v el a s a fu n ction of the siz e of the tr a n smitte r.
T he ele ctrode s a nd the circ uit bo a rds a r e m odeled a s pe rfe ct
cohducto r she ets, a nd a contin u o u s sin e w ave(3 Vp･p, 10 M Hz)
fe eding lS Pla c ed betw e e nthe $1gnal ele ctr ode and the circ uit
● ●
bo a rd ofthe trans mitte r. T he ar m is m odeled a s a re cta ngula r
parallelepiped (5 cm x 5 c m x 4 5 cm) a nd the electrical
pa ra m ete r s a re equalto the m u scle (r elativ e per mittivity 6r =
1 70.73 a ndcondu cti vity q = 0.62 S/m) [19]. T he siz e ofthe c ellsis
Ax = 4y = Az =1 c m. The abs o rbingbo u nda ryC O nditio nis a s su med
to be as Liao, and the tim e step I S 19.2 ps that s atisfie sthe
Co u rantstability c onditio n.
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Ele ctr ode
Fe ed Point
7c
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Fig. A
- 2 Calc ulatio n m odelofthe a r m
w e ar l ng the tr an s mitte r a nd r e c eiv e r
Point
13c m
Fig. A
-3 to Fig. A
-6 sho w the calculatio n m odel of the
tr ans mitte r when the siz e is cha nged. Fig･ A
13 is the patte rn
when the distan ce betw e en the slgnal ele ctrode and G N D
ele ctr ode is v aried. Figs. A
13 (a), (b), (c), a nd (d) in dic ate
c o nve ntio nalsiz e(4 c m), 3 c m , 2 c m, and 1c m, re spe ctiv ely. The
a re a of the circ uit bo a rd and tw o ele ctrode s a r e丘Ⅹed to
c o nve ntio nalsiz edis c u s s ed hChapte r2.
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Fig. A
1 4is the patter n whe n the a r e a ofthe C N Dele ctr ode
is cha nged. Figs. A
- 4(a),(b),(c), and(d)indic ate c o nv e ntio n alsize,
2/3, 1/3 a nd point co nta ct, r e spe ctiv ely･ T he a r e a ofthe cir c uit
boa rd a nd dist an c ebetw e e nthe sign al ele ctr ode and C N D
electr ode a r efix edto con v e ntio n alsiz edis c u s sed in C hapte r2.
一 _ 8 c m _ A
” / / / / / / /
/ / / / / /ノー′
/ / /
I
-
4 c m
- ■
1 c m
C N DEle ctrode Signal Ele ctr ode
(a)Con v e ntio nalsize
■ _ 8 c m _ l
3 c m
/ / / / / / /
/ / / / / /J V
/ / / / / /
4 c m
3 c m
8 c m _ -
/ / / / / / /
/ / // / ノ■′
A / // / / /
4 c m
l c m 3 c m
C N D Ele ctrode SignalEle ctrode
1 c m
C ND Ele ctrode Sign al EIe ctrode
(b)2/3
8c m
l c m
SigTl aI Electrode
(c)1/3 (d)Pointc ontact
Fig. A
-4 G N Dele ctr ode a r e a
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Fig･ A
-5 isthe patte rn whe n the a re a of the sign alele ctrode
is changed. Figs. A
15(a),(b),(c), a nd(d)indic ate co n vention alsize,
2/3, 1/3 and point c ontact, respe ctiv ely. The area ofthe cir c uit
bo a rd a nd GN Dele ctr ode a r efix edto c onv e ntio nalsiz edis cu s s ed
in C hapter 2.
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Fig. A
- 6is the patte r n whe nthe a r ea ofthe cir c uitbo a rd is
changed. Figs. A
16(a),(b),(c), and(d)indic ate c o nv e ntion alsiz e,
2/3, 1/3 a nd wir e, r e spe ctiv ely. T he ar e a oftil e Sign al ele ctr ode
a nd C N Delectrode a r efixed to c o n ventio n al size dis c u s s ed in
C hapte r2.
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(a)W ir e
Fig. A
-7 to Fig. A
-10 show the re ceiv ed sign al v oltage in
relation with the siz e of the tr a ns mitte r. Fig. A
-7 indic ates
distan ce betwe e nslg
･
n alele ctr ode and G N Dele ctr ode v s. rec eived
slgnalv oltage. Asthe dista n c ebe co m e n a rro w,the re c eiv edsignal
voltage is dr op ped. T his te nde n cy is co m e fro m the Input
im peda n c e. T he cir c uit ofthetr a ns mitteris alm ostshorted ifthe
s ignalele ctrode is ap pr o achedto the G N Delectrode. T hus, iもis
●
c oncludedthat the dista n c ebetw e e n s lgnal ele ctrode a nd G N D
ele ctrode m ustbe s eparated fobhigher s lgnalre c eptio n.
●
巨腰細 F D T D 圏 Me as u re m e nt
[
100
娘40
80
60
20
0
Co n y. 3c m 2c m 1c m
Dista n c ebetw ee nElectrode s
Fig. A
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●
vs. r eceiv edsignalv oltage
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Fig･ A
･8indic ates G N Pelectrode a re avs･ receiv ed signal
v oltage･ Asthe G･N Delectrode ar e abe co m es s m alle r,the re c eived
slgnalv ol七ageis dFOP Ped･ How e v e r,thetende ncyofa七te nu atio nis
very slight(abo ut 10m Vr m 8). Hen c e, G N Delectr ode a r e ac an be
miniatu Tized forthe pr a ctic alus e.
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Fig. A
-9.indic ates sign al electrode ar ea V S. receiv edsign al
v oltage . As the s lgnal electrode area be co m e s s m alle r, the
●
r e ceivedsignalv oltageis slightly dr op ped.
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Fig･ A
-1 0indic ate s ciT Cui七 bo a Td are a v s･ rec eived slgnal
●
v oltage･ Althou ghthe cir cuit bo a rd ar e abe c o mes s m aller, the
received signal voltage is alm o st 幻.at. This Te S ul七 indicates
●
po s sibility of miniatuTiz atio n ofthe w ear able device. Fro m what
havebeen dis c u s sed abo ve,the autho rc ancon cludethat the m ost
impo rta ntfacto rfo rthe miniaturiz a七ion is the dista nc ebetw e e n
signalele ctr ode a nd G N Dele ctrode.
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